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Abstract Strong terahertz (THz) radiation provides a
powerful tool to manipulate and control complex con-
densed matter systems. This review provides an overview
of progress in the generation, detection, and applications of
intense THz radiation. The tabletop intense THz sources
based on Ti:sapphire laser are reviewed, including
photoconductive antennas (PCAs), optical rectification
sources, plasma-based THz sources, and some novel
techniques for THz generations, such as topological
insulators, spintronic materials, and metasurfaces. The
coherent THz detection methods are summarized, and their
limitations for intense THz detection are analyzed.
Applications of intense THz radiation are introduced,
including applications in spectroscopy detection, nonlinear
effects, and switching of coherent magnons. The review is
concluded with a short perspective on the generation and
applications of intense THz radiation.

Keywords terahertz (THz) radiation, THz generation,
THz detection, light–matter interaction

1 Introduction

Terahertz (THz) radiation comprises electromagnetic
waves whose frequency range (0.1–30 THz) lies between
the microwave and infrared bands. It is a spectral window
that is rich with scientific opportunities [1–4]. THz waves
allow direct access to numerous low-energy excitations
such as lattice vibrations, molecular rotations, spin waves,
internal excitations of bound electron–hole pairs, phonons
in crystalline solids, and hydration states of biological
systems [5]. In particular, time-domain spectroscopy can
measure the THz transient in the time domain and after
Fourier transformation; both the amplitude and phase
information of the THz radiation at each frequency can be
obtained, such that the complex dielectric function of a

sample can be extracted without having to rely on the
Kramers–Kronig relation. Owing to the rapid development
of THz sources and detectors, the understanding of the
physics of elementary excitations has grown significantly.
Beyond spectroscopy, recent developments in intense

THz sources with electric fields up to 100MV/cm [6] make
it possible to investigate dynamical nonlinear transport
phenomena and nonlinear interactions of excitation modes
[7]. In a single-cycle THz electric field, an electron will be
accelerated and has an average kinetic energy Uk [8].

Uk ¼
e2E2

THz

4mω2
THz

, (1)

where ETHz and ωTHz are the electric-field amplitude and
frequency of the THz transient, e is the elementary charge,
and m the mass of electron. Because Uk increases quadrat-
ically with the inverse square of the frequency, the THz
electric field can provide a kinetic energy four orders of
magnitude larger than that of a visible light source. For an
electron in a THz field of 10 MV/cm amplitude, Uk can
reach 100 eV, which is much larger than the escape energy
of an electron from a hydrogen atom and large enough to
induce nonlinear transport phenomena.
Intense THz transients also provide an alternative to

study magnetic excitation. The magnetic field can
exceed 33 T for a THz transient with an electric field of
100 MV/cm while the duration is less than 1 ps. This
magnetic field can directly excite antiferromagnetic
resonances irrespective of the magneto-optical suscept-
ibility without excessive thermal effects [9,10]. It can also
exert a significant torque on the electron spin magnetic-
dipole moment.
In this review, we summarize methods for generation of

intense THz transients based on tabletop Ti:sapphire
femtosecond laser systems. The advantages and disadvan-
tages of each approach are analyzed. Next techniques for
intense THz detection are introduced and difficulties to be
solved are discussed. Some applications of strong THz
field are reviewed and an outlook is given.
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2 Generation of intense terahertz
transients

In this section, we summarize approaches for generation of
strong-field THz radiation. Although free-electron lasers
can radiate intense THz radiation with peak field
amplitudes of several tens of MV/cm [11,12], they are
large, costly, and complex. Therefore, we focus our
attention on tabletop THz generation systems. Tabletop
THz systems can be divided into the three major categories
of photoconductive antenna (PCA), optical rectification,
and laser–plasma interaction systems. Recently, new
methods for THz generation, including topological
insulators, spintronic materials, and metasurfaces, have
also been reported, and these new technologies that are
expected to be applied to intense THz generation are also
summarized.

2.1 Photoconductive antenna

PCA is a kind of electron switch commonly used for THz
generation. It is composed of an antenna and a semi-
conductor or dielectric substrate. The conductivity of
semiconductor or insulator substrate will be enhanced
under light illumination. To emit THz radiation, the
photoconductive switch should operate on the sub-
picosecond time scale. The time of the photoconductive
switch is determined by the lifetime of photo-excited
carriers in the substrate. The carrier mobility and break-
down voltage threshold are two factors that affect the THz
radiation generated by the PCA. Materials which can
effectively produce THz radiation are low temperature
grown gallium arsenide (LT-GaAs) [13–15], radiation-
damaged silicon-on-sapphire (RD-SOS) [16], chromium-
doped gallium arsenide (Cr-GaAs) [17], indium phosphide
(InP) [18], and amorphous silicon [19].

To meet the demand for the rapid development of high-
power THz sources, the large aperture photoconductive
antenna (LA-PCA) was proposed in 1993 [20], which can
radiate THz radiation up to µJ. For the PCA, the radiated
THz electric field is proportional to the time derivative of
the transient current and to the bias voltage. The maximum
efficiency of a PCA, ηmax, is obtained when the LA-PCA is
irradiated with an excitation fluence equal to the saturation
fluence Fsat [21]:

ηmax ¼
τE2

b

8FsatZ0
, (2)

where τ is the duration of the excitation pulse, Eb is the bias
field applied to the antenna, and Z0 is the impedance of free
space. Thus, the maximum conversion efficiency is
inversely roportional to the saturation fluence Fsat, which
in turn is inversely proportional to the carrier mobility.
Therefore, selection of the semiconductor substrate is quite
important. Materials with high carrier mobility and the
ability to withstand high bias voltage are commonly used
as substrates. The often-used substrate material LT-GaAs,
has a high breakdown field and its carrier lifetime is as high
as picoseconds. Annealing can further improve the
performance of semiconductor substrates. It is found that
the intensity of the THz wave radiated from the annealed
antenna is 1.4 times higher than that of the unannealed one
[22], as shown in Fig. 1.
However, GaAs is not a suitable substrate for LA-PCA

due to its relatively low threshold of breakdown which
limits the maximum bias field that can be applied to the
antenna. As LA-PCAs have a large gap size, carriers are
accelerated by the bias field to high energies which may
damage the substrate. To overcome this limitation, wide
band gap semiconductor materials, such as diamond [23],
ZnO [24], and GaN [25], have been evaluated. However,
the band gaps of these materials exceed 3.1 eV,

Fig. 1 Terahertz signals generated from annealed and unannealed LT-GaAs PCAs [22]. (a) Time-domain terahertz waveforms.
(b) Fourier spectra of the waveforms. The Fourier spectra were both normalized by the peak values of the respective terahertz waveforms.
A 700°C annealed PCA (bow-tie type) and an unannealed one were used in these measurements. Another unannealed PCA (bow-tie type)
was used as a common detector
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necessitating the use of at least the third harmonic of the
conventional Ti:sapphire laser to excite the carriers. With a
band gap of 2.7 eV, ZnSe is another candidate substrate,
which requires the second harmonic or two-photon
absorption of a Ti:sapphire laser pulse. The breakdown
electric field of ZnSe can attain 70 kV/cm [26] and the
carrier mobility is about 140 cm2/(V$s) [27]. However,
ZnSe has the same drawback as GaAs: the temperature
increases due to Joule heating, which causes the
performance of the LA-PCA to decrease rapidly. Recently,
6H and 4H-SiC semiconductor crystals have also been
employed as substrates for LA-PCA. The bandgap is 3.03
eV for 6H-SiC and 3.26 eV for 4H-SiC. These two crystals
can overcome the thermal effects well. Compared with
ZnSe crystals, 6H-SiC has a 2.3 times higher THz field
under optimal conditions [28].
Many efforts have been made to improve the perfor-

mance of LA-PCA as a strong-field THz source, including
increasing generation efficiency and electric-field strength.
The LA-PCA can be optimized by adjusting the following
parameters: substrate [29,30], defect concentration [31],
and electrodes. Another means to improve the performance
of LA-PCA is the use of interdigitated electrodes [32]. The
interdigitated PCA is an effective way to reduce the bias
voltage while maintaining a large lighting aperture. Figure
2 presents the classic structure of an interdigital LA-PCA
[33], in which the interdigitated structure reduces the gap
size between the electrodes while a large photoexcitation
area is maintained. The main advantage of the interdigi-
tated PCA is that a specific electric field can be achieved
with a lower bias voltage eliminating damage to the
substrate [34]. Therefore, a higher bias electric field can be
applied, the effect of Joule heating is limited, and THz
generation efficiency can be improved due to the
enhancement of trap fields near multiple anodes [21]. A
pump laser at a repetition rate of 250 kHz and a bias
voltage of 70 kV/cm can produce THz radiation with an
electric field of 36 kV/cm [35].
Yardimci et al. implemented a GaAs based interdigitated

LA-PCAwith a plasma electrode. It is shown that the LA-
PCA is more powerful and can achieve an optical-THz
conversion efficiency of 1.6%, which is an order of
magnitude higher than that of the GaAs LA-PCA with a
traditional structure [36]. Figure 3(a) presents a schematic
diagram of the transmitter used in the experiment and Fig.
3(b) shows the transmission power of the polarized beam
incident on the GaAs substrate as a function of light
wavelength. The inset shows light absorption in the GaAs
substrate for a TM-polarized beam at 800 nm. Madéo et al.
investigated the effect of gap size on THz radiation of an
interdigitated GaAs substrate LA-PCA [37], it was shown
that the peak frequency of the THz spectrum shifts to
higher frequencies when the interstitial PCA gap size is
reduced from 20 to 2μm . Due to the space charge shielding
effect, the THz spectrum becomes wider. Similarly, the
interdigitated LA-PCA also has certain limitations. If the

gap size is too small, as a result of the space charge
shielding mechanism, the LA-PCAwill cause the radiation
field to saturate.
An interdigital GaAs LA-PCA using a binary phase

mask is demonstrated for improved optical-THz conver-
sion efficiency and THz pulse shape [38]. As shown in
Fig. 4, a binary phase mask is attached to the device, which
causes a π phase delay between the excitation pulses of the
interdigitated antennas, thus all positive half cycles (or
negative half cycles) can be coherently enhanced. The
interdigitated GaAs LA-PCA can achieve an enhanced
THz field with an offset field of 1.2 kV/cm and an
excitation flux of 14 μJ/cm2.
A ZnSe interdigitated LA-PCA with a gap size of 700

mm excited by a 400 nm laser has been demonstrated to
generate THz energy up to 8.3 mJ with an electric field of
331 kV/cm [39]. The gap size is chosen to limit saturation
of the THz field through space charge screening. To
investigate the effect of gap size, three different ZnSe
interdigitated LA-PCAs (gap sizes of 460, 700, and 932
mm, respectively, with equal photoconductive areas) were
characterized [40]. The experimental results show that the
size of the slot has a small effect on the THz waveform and
spectrum, but the saturation of the THz field appears faster
and more strongly for antennas with smaller slots. The
saturation of the THz field can be offset by applying a
larger bias field. This phenomenon can be attributed to the
relatively large capacitance of the interdigitated LA-PCA,
which can be related to the space charge screening. The
performance and fabrication techniques of AuGeNi alloy
electrodes and Ti/Au electrodes are also investigated, it is

Fig. 2 Schematic diagram of terahertz emitting metal-semicon-
ductor-metal structure [32]. (1) Interdigitated finger electrodes.
(2) Semi-insulating GaAs substrate. (3) Opaque metallization
shadowing one electric-field direction. The electric-field direction
is indicated by arrows
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found that the THz intensity from the antenna with ohmic
contact electrodes is 3–8 times higher than that from the
antenna with Schottky contact electrodes, and the larger
gap antennas with ohmic contact electrodes have higher
optical and electrical energy to THz intensity conversion
efficiency [41].

2.2 Optical rectification

Optical rectification (OR) in nonlinear crystals is the
preferred technique for strong single-cycle THz radiation
generation. The process of OR (or photo-induced DC

electric field) is a second-order nonlinear process. When
the light field interacts with a medium with second-order
nonlinear properties, a direct current electric field propor-
tional to the intensity of the light is obtained from the
difference between two photons with the same frequency.
This process can be expressed by

Pð0Þ ¼ χð2Þðω, –ω,0ÞEðωÞE*ð –ωÞ, (3)

where P is the electric polarization, χ is the second-order
nonlinear polarizability, and E and ω are the field
amplitude and frequency of the fundamental wave,
respectively. If the light field exists in the form of pulses,

Fig. 3 (a) Schematic diagram and operating principle of a large-area plasmonic photoconductive emitter fabricated on a GaAs substrate
[36]. (b) Power transmission of a TM-polarized optical beam incident on the GaAs substrate as a function of optical wavelength. The inset
shows color plot of optical absorption in the GaAs substrate in response to a TM-polarized optical beam at 800 nm

Fig. 4 (a) Principle of a binary phase mask for single-cycle terahertz pulse generation from an interdigitated photoconductive antenna
(PCA). (b) Terahertz pulse shape from an interdigitated GaAs antenna at a bias field of 1.2 kV/cm and a fluence of 14 mJ/cm2 with a
standard shadow mask, a 510-mm-thick binary phase mask, and no mask (offset introduced for improved clarity). The inset shows the
power spectra for a shadow mask and 510 mm glass phase mask [38]
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this will generate an alternating electric field in the medium
and radiate electromagnetic waves. The electric field of the
radiated electromagnetic wave is proportional to the
second-order differential of the alternating electromagnetic
field with time t:

EðtÞ / ∂2PðωTHz,tÞ
∂t2

¼ χð2Þ
∂2IðtÞ
∂t2

, (4)

where ωTHz is the frequency of the THz radiation, ωTHz =
ω1 –ω2 , and ω1 and ω2 are two frequency components of
the fundamental pulse. To produce high-energy THz
radiation, the crystal should have a high electro-optic
coefficient and be transparent for all the frequencies
involved. Another important factor is phase matching
which requires that the group velocity of the light pulse is
equal to the phase velocity of the THz wave. The phase
matching condition is expressed as

kðω1Þ – kðω2Þ ¼ kðωTHzÞ, (5)

where k is the wave vector of the corresponding
electromagnetic wave. When the phase matching condition
is met, the nonlinear process will have a higher efficiency.
The commonly used crystals are ZnTe, GaP, GaSe,
LiNbO3, and some organic crystals such as DAST and
BNA [21,42,43]. The properties of some common crystals
for OR are presented in Table 1.
ZnTe is the crystal most used in OR for THz pulse

generation. It has a relatively high quality-factor compared
to other crystals and the Ti:sapphire laser phase matching
condition can easily be realized. It can generate THz pulses
with a spectrum of 0.1–3.0 THz. However, it has been
observed in the experiment that ZnTe has strong two-
photon absorption when it is pumped with 800 nm light.
The generation of free carriers results in enhanced
absorption of THz radiation and this limits the generation
of strong-field THz radiation. Large aperture monocrystal-
line ZnTe can be used to enhance THz generation [44,45].
Employing 48 mJ, 800 nm, 30 fs excitation pulses at a
repetition rate of 100 Hz, single-cycle THz pulses with
energies as high as 1.5 mJ per pulse and with a spectral
range extending to 3 THz are observed with an energy
conversion efficiency of 3.1 � 10–5 [44].
As shown in Table 1, lithium niobate (LiNbO3) has a

higher effective nonlinear coefficient, however, the large
difference between the index of refraction for the pump
beam and THz radiation brings the difficulty for phase
matching. The tilted-pulse-front technique was proposed to
generate intense THz pulses from LiNbO3. The basic idea
is shown in Fig. 5. The pulse of the optical pump light is
titled using a diffraction grating and a lens is used to
project the titled-pulse at the cystal position. The phase
matching condition, thus, becomes

υphTHz ¼ υgrpumpcosβ, (6)

where υphTHz is the phase velocity of the THz wave, υgrpump is
the group velocity of the pump light, and b is the tilt angle
between the pulse front and phase front. Typical tilted-
pulse-front LiNbO3 can generate THz radiation with peak
electric fields of > 200 kV/cm, and the spectral range is
from 0.1 to 2.5 THz [21].
Several methods have been proposed to improve the

energy conversion efficiency in LiNbO3. The duration of
Fourier-transform-limited pump pulses can enhance the
conversion efficiency. The theoretical calculation predicts
an order-of-magnitude increase in the efficiency of THz
pulse generation when 500 fs pump pulses are used, rather
than the commonly used ~100 fs pulses [46,47]. Doping 1
mol% Mg in LiNbO3 crystal can effectively avoid the
photorefractive effect and reduce the THz absorption [48].
Another way to reduce THz absorption in LiNbO3 is
cooling. It was demonstrated that near-optimal pump
pulses centered at 1.03 μm in low-temperature cooled
LiNbO3 can produce highly efficient THz radiation by OR
[49]. Using a near-optimal 680 fs pulse duration and a
pump energy of 1.2 mJ, the light-THz conversion
efficiency is higher than 3.8%, an order of magnitude
higher than the no cooling case. Figure 6(a) presents the
experimental setup where the LiNbO3 crystal is cooled.
The dependence of efficiency on temperature at a fixed
pump energy is shown in Fig. 6(b). It can be seen that the
highest efficiency is achieved at 150 K.
Recently, demonstration of 0.2 mJ THz pulses in

LiNbO3 at room temperature was presented. Adopting
the tilted-pulse-front configuration and chirping the pump
laser pulse below 50 fs, an energy conversion efficiency
from 800 nm to THz of 0.3% was achieved [50]. The

Table 1 Optical properties of common materials for optical rectification [21,42,43]

crystal effective nonlinear coefficient/(pm$V–1) index of refraction THz index of refraction THz absorption coefficient/cm–1

ZnTe 68.5 2.85 (800 nm) ~3.17 1.3

GaP 24.8 3.67 (800 nm) ~3.34 0.2

GaSe 28.0 2.85 (800 nm) ~3.72 0.5

GaAs 65.6 3.61 (800 nm) ~3.4 0.5

LiNbO3 168.0 2.25 (800 nm) no~6.8, ne~4.98 18.2

LiTaO3 170.0 2.18 (800 nm) no~6.5, ne~6.4 46.0

DAST 615.0 2.25 (1550 nm) ~2.4 41.5
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corresponding experimental setup is shown in Fig. 7(a),
where an acousto-optic programmable dispersive filter is
introduced to generate the second-order dispersion. The
duration of the pump pulses is about 30 fs, as shown in Fig.
7(b). The calculated chirped pulse duration as a function of
the group velocity dispersion is shown in Fig. 7(c). The
measured spectra for different group velocity dispersions
are shown in Fig. 7(d). The position of the incident pump
beam on the LiNiO3 crystal is shown in Fig. 7(e).
However, although the LiNbO3 light source with a tilted

pulse wave front produced high-THz energy with an
electric field exceeding 1 MV/cm, the LiNbO3 crystal has
its limitations. The spectrum of LiNbO3 THz sources is
usually limited due to its absorption at high frequencies. It
is difficult to attain very high-THz electric fields. The
maximum THz electric field is determined by the three
factors of THz energy, spot size, and pulse duration [51]:

E ¼ ε0c!dA!
1

–1E2ðt,AÞdt, (7)

where E is the measured THz energy, ε0 the permittivity of
vacuum, c the speed of light in vacuum, Eðt,AÞ �

EmaxÊ tðtÞÊsðAÞ is the spatio-temporal THz waveform at
the detection plane, and A is the area of THz beam. Ê tðtÞ is
the normalized waveform in the time domain and ÊsðAÞ is
the normalized spatial profile at the detection plane. An
increased maximum electric field Emax can be achieved
with higher THz energy, smaller spot size, and shorter
pulse duration. High-THz energy requires high optical-to-
THz conversion efficiency, small spot size requires a short
wavelength and high numerical aperture focusing lens, and
short pulse duration results in a broader spectrum of the
generated THz radiation.
Organic crystals that have larger nonlinear coefficient

are widely used in ultra-wideband tunable THz generation
[52]. DAST, DSTMS, OH1, HMQ-TMS, and BNA are
commonly used. Using an optical parametric amplifier
(OPA) pumped by a Ti:sapphire laser to generate a pump
beam with a center wavelength of 1500 nm, the room
temperature pump-THz conversion efficiency is 2.1%, and
the peak electric field can attain a value of 1.35 MV/cm
[53]. The central frequency is 2.1 THz with a bandwidth of
approximately 2 THz. The corresponding experimental
setup is shown in Fig. 8(a). The spectrum of the pump laser
and measured autocorrelation signal of the THz pulse are
presented in Figs. 8(b) and 8(c), respectively.
Adopting wave front correctors, low-frequency THz

(< 5 THz) radiation generated from DSTM1 and OH1 are
well focused to a diffraction-limited spot size and the peak
fields can reach 83 MV/cm [54]. Using a DSTM1 crystal
and two linearly chirped near-infrared pulses, high-energy
THz pulses tunable between 4 and 18 THz have been
generated. The bandwidth is less than 1 THz and the
maximum pulse energy is 1.9 mJ, resulting in a peak
electric field of 3.7 MV/cm [55]. Pumped with 1150–1550
nm infrared pules, the BNA crystal can generate THz pules
with a spectrum extending up to 7 THz and a peak electric
field of 10 MV/cm [56].
GaSe is another crystal used for intense THz generation

by difference frequency mixing [57]. It is very easy to

Fig. 5 Phase matching in a LiNbO3 crystal

Fig. 6 (a) Experimental setup for terahertz generation from a cooled LiNiO3 crystal. L1: best-form lens with f = 20 cm; L2: cylindrical
lens with f = 15 cm; HWP: half-wave plate at 1030 nm. (b) Efficiency enhancement versus temperature at a fixed pump energy of 1.2 mJ
[49]
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achieve the phase matching condition due to the small
difference in refractive index between the THz and infrared
pump waves. The nonlinear coefficient of GaSe is nearly
the same as that of ZnTe, but the frequency of the
generated THz pulse is higher than 10 THz, thus, the
generated THz pulse can be focused into a smaller point,
thus the peak electric field can be greatly enhanced. Using
two parametrically amplified pulse trains from a single
white-light seed, THz transients with peak electric fields of
108 MV/cm and center frequencies continuously tunable
from 10–72 THz are generated [6]. When the wavelength
of one OPA is fixed at 1.1 mm and the signal wavelength of
the other OPA is changed from 1.1 to 1.5 mm, the center
frequency of the THz transients can be tuned from 10 to
72 THz, as shown in Fig. 9. Matching the group velocities
of the signal and idler components, phase-locked
single-cycle transients with frequency widths from 1
to 60 THz are generated and the peak field can reach
12 MV/cm [58].

2.3 Terahertz sources based on plasma

Plasmas created by high-intensity femtosecond laser pulses
can emit coherent radiation from X-ray to THz wave-
lengths [59]. Laser-induced air plasma has a higher
damage threshold than PCAs and nonlinear crystals, and

therefore stronger THz radiation generation is expected.
By applying a direct current (DC) bias voltage along the
direction of the electric field of incident beam, enhanced
THz pulses have been measured and the peak field
enhanced 32 times of that without external electric field
[60]. The efficiency can also be enhanced when a static
magnetic field is applied to the plasma parallel or
perpendicular to the electric field [61]. Inserting a second
harmonic generation crystal before the focal point, the THz
radiation generated can be enhanced 40 times [62] and
this method is referred to as the two-color filamentation
approach. The maximum fields can approach 100 MV/cm
using two-color filamentation of femtosecond mid-infrared
laser pulses at 3.9 mm [63] and the spectrum can be
extended to 75 THz [64].
The mechanism of generating THz by air plasma can be

explained as four-wave mixing between the fundamental
frequency and second harmonic in the plasma. When the
fundamental frequency ω and its second harmonic 2ω are
focused in the air, the THz radiation observed is [62,65]

ETHz / χð3ÞE2ωðtÞE*
ωðtÞE*

ωðtÞcosf, (8)

where Eω(t) and E2ω(t) are the amplitudes of the
fundamental frequency and second harmonic, f is the
relative phase between them, and χ(3) is the third-order
nonlinear coefficient. It was shown that the relative phase

Fig. 7 (a) Schematic of a high energy terahertz source with tilted pulse wave front technique and electro-optic sampling (EOS) setup
[50]. HWP: half-wave plate; LN: lithium niobate; OAP: 90° off-axis parabolic mirror; IS: integrating sphere; BPD: balanced photodiode.
(b) Autocorrelation measurement of the pump laser pulse at its shortest duration of 30 fs. (c) Calculated chirped pulse duration as a
function of the group velocity dispersion. (d) Input spectra for different group velocity dispersion measured before the laser beam enters
the tilted pulse wave front setup. (e) Pump beam position relative to the edge of the LiNbO3 prism
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between the fundamental frequency and its second
harmonic is critical to efficient THz generation. If the
relative phase is precisely controlled, THz radiation from
the gas plasma can be generated more efficiently. As
shown in Fig. 10, a phase compensator is used to control
the phase shift between the ω and 2ω pulses propagating in
the dispersion medium, resulting in strong THz emission at
a distance exceeding 100 m [66]. By precisely controlling
the relative phase between the ω and 2ω pulses and the
polarization of the 2ω beam, a peak THz electric field
exceeding 60 kV/cm can be routinely obtained in ambient
air with a total excitation energy of approximately 500 µJ.
However, this theory cannot explain THz radiation
obtained via two-color filamentation with uncommon
frequency ratios [67]. Furthermore, the generated THz
radiation strongly saturates with increasing pump laser
energy. Using an aperture to limit the pump laser beam, the
amplitude of THz radiation can be enhanced more than
eight times of that in aperture-free cases [68].
To better explain THz generation from two-color

filamentation, the transient photocurrent model was
established [69]. The intense laser field causes free

electrons and positively charged ions from the plasma to
form a transverse current. This current surge will emit THz
radiation which is proportional to the derivative of the
current density:

ETHz /
dJðtÞ
dt

¼ N ee
2

me
Elaser, (9)

where J(t) is the electron current density, Ne is the electron
density, me is the electron rest mass, e is the electron
charge, and Elaser is the laser electric field. For the two-
color case:

Elaser ¼ EωcosðωtÞ þ E2ωcosð2ωt þ fÞ: (10)

Good agreement is obtained between this model and the
experimental results [64].
THz radiation can also be emitted from plasma

generated on a solids’ surface. When the laser-produced
electron beam passes through the rear solid-vacuum
interface, THz radiation can be emitted via coherent
transition radiation [70]. The total THz energy from the
rear side of the metal foils is approximately 400 mJ/pulse

Fig. 8 Terahertz generation with a DAST crystal [53]. (a) Schematic setup for terahertz generation and electro-optic detection. 50 fs
probe pulses centered at 810 nm (inset) are used for sampling the terahertz pulse with a 95-mm-thick GaP crystal. QWP: quarter wave
plate; WP: Wollaston prism; BPD: balanced photodiode detector. (b) Spectrum of pump pulse. (c) Measured autocorrelation signal of
terahertz pulse
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and the energy conversion efficiency from the laser-to-THz
radiation is approximately 2.0�10–4. By irradiating a
metallic wire with an intense femtosecond laser pulse to
produce both guided energetic electrons and a gyrotron-
like undulator, intense THz pulses with narrow band can be
generated [71]. The central frequency can be tuned over
the range 0.1–0.4 THz and the conversion efficiency can
reach 1%.
Liquid water is usually considered a strong absorber in

the THz range. Recent experiments have shown that THz
radiation can be excited from liquid water by femtosecond
laser pulses [72,73]. Figure 11 presents the experimental

setup for THz generation from liquid water. The water is
formed into a film with the thickness of approximately
177 mm, and the laser is incident on the water film at an
angle of 25° [72]. Using single-color filamentation in
liquids, ultra-broadband THz radiation can reach approxi-
mately 100 THz, and energy up to 76 mJ/pulse [73]; an
order of magnitude higher than that of two-color
filamentation in air. Using a water line of approximately
200 mm in diameter as the source, a field strength of
0.2 MV/cm has been achieved [74]. Due to the large
nonlinear coefficient of liquid water, higher THz radiation
is expected to be generated from its optimal situation.

2.4 Novel approaches for intense terahertz generation

In recent years, new materials, including topological
insulators, spintronic materials, and metasurfaces, have
been used as THz sources. The topological insulator has an
energy band structure with a narrow band gap bulk state
and a zero-band gap surface state. Furthermore, such
materials have high carrier mobility and a linear dispersion
relation. Therefore, topological insulator materials can
have good application prospects in the field of THz
[75,76].
Bi2Se3 is a kind of three-dimensional topological

insulators that has an insulator inside but a metallic
material on the surface with a Dirac surface state, which is
protected by the topological properties of the bulk wave
function. Using a Ti:sapphire femtosecond laser to directly
excite the second surface state at 1.5 eV above the
conduction band of n-doped Bi2Se3, effective THz
generation was observed [75]. The generation of THz is
explained by the transient photocurrent emission under the
influence of surface depletion field and nonlinear OR. The

Fig. 9 (a) Time-domain transients and (b) corresponding normalized amplitude spectra for widely tuned center frequencies. Emitter:
GaSe (thickness: 140 mm, solid curves) or AgGaS2 (thickness: 800 mm, broken curve) [6]

Fig. 10 Schematic of the phase compensator incorporating a
wedge pair. DM: dichroic mirror used to separate or recombine ω
and 2ω beams; HWP: half-wave plate used to control the
polarization of the 2ω beam [66]

12 Front. Optoelectron. 2021, 14(1): 4–36



nonlinear OR may contribute to the broad spectrum. As
shown in Fig. 12(a), when the Bi2Se3 is pumped by
femtosecond laser pulses, the surface electrons are directly
excited from the conduction band to the second surface
state and the bulk electrons are directly excited from the
valence band to the conduction band. The experimental
setup is shown in Fig. 12(b). The center wavelength of the
optical pulse used was 800 nm, the pulse duration 50 fs,
and the repetition frequency 1 kHz. The excitation pulse
was incident on the sample surface at an angle of 45°, and
the emitted THz pulse was detected by a ZnTe crystal. The
spectrum of the generated THz radiation can expand from
0.1 to 3 THz. It was found that the intensity of THz
emission is largely determined by the carrier concentration
and ratio of doping. Strong pump energy will produce

more free carriers, which in turn will cause a greater
change in the transient current, resulting in stronger THz
radiation [76].
Metals are also good materials for THz generation. The

optical characteristics of metals are as follows: 1) The
pump absorption rate is not dependent on wavelength; 2)
The electronic lifetime in metals are as short as 10–50 fs; 3)
They have featureless THz refractive indices and large
thermal conductivities, and 4) Metal thin film stacks
(heterostructures) are simple and cheap to fabricate. With
the recent rapid development of spintronics and femto-
magnetism, electron spins which can generate transient
currents in metals are used to produce THz radiation. An
efficient metallic spintronic emitter was proposed recently
for ultra-broadband THz generation [77]. As shown in Fig.
13(a), the emitter has a bilayer structure consisting of
ferromagnetic (FM) and nonferromagnetic (NM) metal
thin films [78]. A femtosecond laser pulse excites electrons
in the metal stack, thereby changing their band velocity
and launching a current along the z direction. In the FM
layer, the mobility of spin-up (majority) electrons is
significantly higher than that of spin-down (minority)
electrons, thus the z current is spin-polarized. The spin–
orbit interaction deflects spin-up and spin-down electrons
in opposite directions and transforms the spin current js
into an ultrafast transverse charge current jc = gjs, which
leads to the emission of a THz pulse. A time-domain
transient obtained from photoexcited Ta- and Ir-capped
Co20Fe60B20 thin films and detected by a 50-µm-thick GaP
crystal is shown in Fig. 13(b) and the corresponding
Fourier spectrum is shown in Fig. 13(c). The spectrum of
the THz transient can reach 30 THz when the emitter is
excited by femtosecond pulses from a Ti:sapphire laser
oscillator (10 fs, 2.5 nJ). By optimally selecting the

Fig. 11 Experimental setup for terahertz generation from a water
film [72]. OAPM: off-axis parabolic mirror; HWP: half-wave plate

Fig. 12 (a) Band structure of n-doped Bi2Se3 [75]. Surface electrons are directly excited by optical transitions from the conduction band
(CB) to the second surface state (SS). Bulk electrons are directly excited by optical transitions from the valence band (VB) to the CB.
(b) Schematic diagram of the experimental setup. WP: wave plate; WGP: wire grid polarizer
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materials and thickness of a multi-layer structure, the
generated THz radiation can be greatly enhanced. A peak
THz pulse field of 300 kV/cm has been generated by using
a large-area metallic spintronic emitter [79].
A metasurface composed of gold split ring resonators

(SRR) fabricated on glass coated with indium tin oxide can
also be used to generate THz radiation [80]. The metasur-
face structure and experimental schematic diagram are
shown in Fig. 14. The spectrum of the generated THz
radiation can cover 0–4 THz. The THz emission is caused
by the resonance of the magnetic dipole that excites the
open-loop resonator, and it rapidly decreases under non-
resonant pumping. The optical-THz conversion efficiency
can exceed that of conventional sub-millimeter crystals
(ZnTe and GaP) through OR. By judicious engineering of
the single-emitters that comprise the metasurface, unpre-
cedented control of the spatio-temporal properties of the
emitted THz wavepackets can be achieved [81]. Generally

speaking, due to their negligible thickness, strong
plasticity, and other advantages, metasurfaces have
significant prospects for strong-field THz generation.
To conclude this section, the various tabletop techniques

for intense THz generation based on the Ti:sapphire laser
are summarized in Table 2.

3 Detection of intense terahertz radiation

The rapid onset of strong-field THz sources pushes the
peak THz electric field from a level below MV/cm to
several MV/cm [82,83], enabling the study of fascinating
nonlinear phenomena of materials in the THz frequency
range on picosecond or even sub-picosecond time scales.
High-intensity THz sources and their detection methods
are the main tools driving the development of such science
and technologies. Therefore, the development of high-field

Fig. 13 Metallic spintronic terahertz emitter [78]. (a) Principle of operation. (b) Time-domain transient obtained from photoexcited Ta-
and Ir- capped Co20Fe60B20 thin films (3-nm-thick) and detected by a 50-µm-thick GaP crystal. Inset: Terahertz signal amplitude as a
function of incident pump power. (c) Fourier spectra of terahertz signal and the extracted transient terahertz electric-field incident on the
electro-optic detector

14 Front. Optoelectron. 2021, 14(1): 4–36



THz detectors is very important, as traditional PCA
detection techniques [84] and electro-optical sampling
[85] have presented several challenges.

3.1 Detection by PCA

The emission and detection of pulsed broadband THz
radiation of optically pumped PCA was completed in the
late 1980s [84]. Unlike the THz PCA transmitter, the
receiver PCA has no external DC bias. When photo-
carriers are injected through a detection light pulse, the
THz electric field induces a current between the gaps of the
PCA [86]. The photocurrent lasts the entire carrier life
cycle, but is much shorter than the THz pulse duration. The
induced current I(t) is proportional to the field amplitude of
the THz radiation collected between the photoconductive
gaps:

IðtÞ ¼ !
t

–1�sðt – t#ÞETHzðt#Þdt#, (11)

here �sðtÞ is the transient surface conductivity. By
measuring the variation of the current with the time
delay between the THz pulse and detection light pulse, the
shape of the time-domain THz pulse can be mapped. The
coherent nature of this detection method provides a high
signal-to-noise ratio (SNR) because it greatly reduces the
effects of blackbody radiation and other THz radiation
sources on the receiver [87]. To obtain a higher SNR, the
signal is measured by using a lock-in amplifier after being
passed through an optical chopper.
Equation (11) indicates that the detection bandwidth of

the PCA detector is limited by the carrier dynamics of the
PCA material. The photocurrent signal is not a complete
copy of the THz waveform, but presents a frequency
filtering characteristic through conductivity [88]. Thus,
materials with shorter carrier lifetimes (such as LT-GaAs
and doped GaAs) are usually chosen to reduce the effect of
conductivity on the results [89]. The carrier lifetime of LT-
GaAs is shorter than 0.5 ps. By combining a substrate with

Fig. 14 Experimental setup and results of a metasurface terahertz
source [80]. (a) Schematic of terahertz generation and detection.
The insert shows an electron micrograph of the SRR array. PM:
parabolic mirror; WP: Wollaston prism. (b) Measured terahertz
time-domain transient obtained by pumping the SRR electric-
dipole resonance (red line) at 800 nm, magnetic-dipole resonance
(black dots) at 1500 nm, and substrate only (green line) at
1500 nm, respectively. The inset shows the linear optical
transmission including the electric (red curve) and magnetic
(black curve) dipole resonances of the SRRs measured with the
polarization of the incident light perpendicular and parallel to the
gap of SRRs, respectively

Table 2 Comparison of terahertz generation techniques

Ref. peak electric field Bandwidth/THz advantage disadvantage

LAPCA [39] few hundreds kV/cm 20 high stability relatively low peak electric field

OR DAST [38] about 7 MV/cm 0.3–20 low dielectric constant low damage threshold

ZnTe [44] about 70 kV/cm 0.2–4 better phase matching
conditions

strong two-photon absorption

LiNbO3 [40] up to 1.2 MV/cm 0.1–2.5 high damage threshold low frequency

BNA [56] 10 MV/cm 7 highly nonlinear organic
crystal

low damage threshold

air plasma [64] several MV/cm 0.1–75 no concerns for damage with
air

phase matching sensitivity

spintronic [80] about 300 kV/cm 0–4 high potential difficulty of artificial structure design
and fabrication
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a short carrier lifetime and a short duration light pulse, the
maximum detected bandwidth can be increased. For
example, using a 15-fs laser pulse detection probe, THz
pulses with frequencies up to 30 THz can be detected from
doped GaAs PCA [90]. Recently, THz pulses with a
bandwidth extended to 100 THz have been proven with
LT-GaAs PCA and a 10-fs optical probe light [91].
The geometry of the PCA detector is also a factor

affecting the detected THz pulse bandwidth. There are four
main types of geometry: strip line, bow tie, butterfly, and
logarithmic antenna. These PCAs have different character-
istics. The butterfly PCA is effective for detecting low
frequencies, while the strip line PCA is sensitive to high
frequencies. The size of the PCA has a significant impact
on the detection signal. A smaller gap size will allow
detection of higher frequencies and larger amplitude
signals, while a longer electrode will increase the
amplitude of the detected signal, but will have a greater
effect on low frequencies [92].
However, since the PCA detector is very sensitive to

ambient electromagnetic noise, the noise may be relatively
high when using a high-energy amplification laser system.
Strong THz fields may cause nonlinear effects in
semiconductor substrates [93], thus, it is difficult to obtain
correct detection signals. Therefore, although PCA
detectors are high quality, they are not commonly used
for the detection of strong-field THz pulses.

3.2 Detection by electro-optic sampling

Free-space EOS technology uses the linear Pockels effect
in EO crystals and femtosecond optical strobe pulses to
detect the electric field of THz pulses [85]. The Pockels
effect causes birefringence in a nonlinear crystal that is
proportional to the applied THz electric field. By
measuring the birefringence via detection of changes in
the polarization state of the beam, the THz electric-field
strength can be determined.
Ideally, the group velocity of light in the EO crystal

should match the phase velocity of the THz well. Thus,
during the transmission process, the light pulse experi-
ences a constant THz electric field. The THz field-induced
birefringence causes the detection pulse to have a slight
elliptical polarization. A Wollaston prism divides the
detection beam into two mutually orthogonal components
which are then incident on an equalized photo-detector.
The detector measures the intensity difference between the
two orthogonal components of the detected pulse I = Iy – Ix,
which is proportional to the applied THz amplitude,

I x ¼
I0
2
½1 – sinðΔφÞ� � I0

2
½1 –Δφ�,

I y ¼
I0
2
½1þ sinðΔφÞ� � I0

2
½1þ Δφ�,

(12)

where Δφ is the rotation angle of refraction index ellipsoid

caused by the THz field. The approximation requires that
Δφ << 1.
For detection of quasi-DC THz electric fields, the use of

femtosecond optical probe pulses is practical. However, for
ultra-short THz pulses with a wide spectrum, the time
offset caused by the velocity mismatch between the
detection pulse and the THz pulse is a key factor in
detection. The sensitivity increases as the crystal thickness
increases, but the corresponding detection bandwidth
decreases. Therefore, the thickness of the EO crystal
should be appropriately selected. The use of thinner
crystals for broadband detection allows velocity matching.
Additionally, phonon absorption is a key factor limiting
detection bandwidth. For example, in ZnTe crystals,
phonon absorptions at 1.6, 3.7, and 5.31 THz usually
limit the detection spectrum to low frequency [94].
Therefore, other EO crystals (such as GaP and GaSe) are
often a better choice for broadband detection [95,96].
Selecting the detection crystal and optimizing the detection
scheme require a full understanding of the THz/optical
characteristics of crystal, such as its linear dispersion and
absorption in the THz frequency range [97].
However, EOS technology is not useful in a strong THz

field. If the rotation angle exceeds π/2, inversion of the
detection pulse intensity will occur [98]. This limitation is
called over-rotation. For example, higher spectral resolu-
tion in THz time-domain spectroscopy requires longer
scanning durations that can be achieved using thicker EO
detection crystals, with the added benefit that thicker EO
crystals can provide a higher SNR. However, the use of
thicker crystals increases the chance of excessive rotation
because the birefringence induced in the detection crystal
is proportional to both the THz electric field and thickness
of the crystal. High-intensity THz measurement requires a
high dynamic range detection technology.

3.3 Detection by air plasma

To coherently measure the THz field with air plasma, a
local oscillator of frequency 2ω is introduced to interfere
with the second harmonic induced by the THz field, thus
the intensity of the 2ω frequency is [99]

I2ω / jE2ωj2 ¼ ðETHz
2ω þ ELO

2ω Þ2

¼ ETHz2
2ω þ 2ETHz

2ω ELO
2ω þ ELO2

2ω : (13)

Here, ETHz
2ω and ELO

2ω are the amplitudes of the second
harmonic induced by the THz field and local oscillator,
respectively. When the probe intensity is higher than the air
ionization threshold and the local oscillation becomes
sufficiently large, the second term of the equation becomes
the dominant term, I2THz / ETHz, which is coherent
detection.
By further introducing an alternating current (AC) bias

voltage which is synchronized with the laser repetition
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rate, the symmetry of the plasma is broken [100]; thus, the
detection power required for the THz pulses can be
reduced and the SNR can be effectively improved by an
order of magnitude. An important feature of the air-biased
coherent detection method is that the THz bandwidth is
limited only by the duration of the light pulses [101].
The fluorescence emission of the plasma is also used to

detect the strong-field THz radiation in the air [102,103].
The interaction between the THz pulse and laser plasma
can enhance the fluorescence emission of the plasma.
Accordingly, coherent detection of a strong-field THz
wave can be achieved by applying an external bias field
parallel to the THz field on the plasma as a local oscillator
or by applying an AC bias voltage at the common focal
point of the THz pulse and the laser pulse [104]. A two-
color laser-induced air-plasma system is used for all-
optical THz wave remote sensing. Compared with
previous technologies, the signal detected is enhanced by
an order of magnitude. Another technique that uses air
plasma to detect strong THz fields is called THz enhanced
acoustics [105].

4 Applications of intense terahertz
radiation

The rapid progress of intense THz sources and detectors
has motivated researchers to use intense THz radiation for
various applications. Since intense THz pulses can provide
higher energy for photoexcited carriers, many studies use
intense THz radiation for THz time-domain spectroscopy
(TDS) to characterize the carrier dynamic properties of
semiconductors and other condensed matter systems [106–
119]. Additionally, intense THz radiation has a relatively
high peak electric-field strength that allows various
traditional optical nonlinear effects such as high-order
harmonic generation [110,111], saturation and anti-satura-
tion absorption [112–116], and four-wave mixing. More-
over, it can also serve as an intense magnetic field source
for magnon switching [10,117–121]. In this section, we
will review the majority of intense THz pulse applications
and related novel phenomena.

4.1 Applications of intense terahertz radiation in
spectroscopy

With the rapid development of THz science, THz-TDS has
become a mature method to study the properties of
materials. In particular, the optical pump THz-TDS
technique is useful for characterization of ultrafast carrier
dynamic properties. Moreover, using an intense THz pulse
in such a system can provide new interesting effects.
Nowadays, there are four techniques mainly used in
intense THz pulse involved spectroscopy detection,
including intense THz-TDS, optical-pump/intense-THz-
probe (OPITP), intense-THz-pump/THz-probe (ITPTP),

and intense-THz-pump/other radiation-probe (ITPOP)
techniques. In this section, we will mainly review the
applications and new effects when intense THz pulses are
used in these four techniques.

4.1.1 Intense terahertz time-domain spectroscopy technique

The THz-TDS technique is a well-known characterization
method in the THz field. Along with the development of
intense THz pulses, some studies have used the THz-TDS
technique for investigation of nonlinear effects by the
conventional Z-scan technique. In 2009, nonlinear absorp-
tion bleaching in an n-doped semiconductor was demon-
strated in the THz band [122]. By using a large aperture
ZnTe crystal, THz pulses with a peak field strength of 200
kV/cm were generated in a THz-TDS system and the tested
sample was a sample of 500-nm-thick n-type indium
gallium arsenide (InGaAs) on InP substrate. By moving
the sample close to the focus of the THz wave along the z-
axis, transmission was obtained at different z positions, as
shown in Fig. 15. One can see that a significant
enhancement in the transmission is observed near the
focus of the THz wave (i.e., at z = 0), in both the
pyroelectric detector (Fig. 15(a)) and THz-TDS results
(Fig. 15(b)). This is called the absorption bleaching effect
[73]. The well-known electric-field-driven intervalley
scattering model is used to explain this effect. When the
sample is irradiated by the THz pulse, the free carriers in
the G valley are accelerated and scattered into an upper
energy level, i.e., the L valley. The carrier mobility is lower
in the satellite valleys, thus, reducing the conductivity of
the sample. Since the transmission of the THz pulse is
higher when the conductivity of the sample is lower, the
transmission is enhanced when carriers are scattered to the
upper satellite valleys. By using this model, a fit which
agrees with the experimental results is derived. A similar
THz field strength dependent transmission enhancement of
intense THz pulses in doped silicon was demonstrated in
2010, by Z-scan measurement [123]. The THz-TDS Z-scan
experimental setup is shown in Fig. 16(a). By adjusting the
THz peak field strength from 16 to 135 kV/cm, an 18%
enhancement in the transmission is observed in the
frequency domain, as shown in Fig. 16(b). Accompanying
the rapid development of graphene in recent years, an
increasing number of THz-TDS studies have been
performed revealing the linear carrier dynamics of this
material [124–128]. Several works have predicted that it
has a strong nonlinear electromagnetic response at THz
frequencies due to the linear energy dispersion relation of
graphene [129–131]. Intense THz transmission enhance-
ment of monolayer graphene has been demonstrated
experimentally [132] for monolayer graphene grown on a
SiC substrate by a conventional CVD method. Using the
titled-pulse-front technique with a LiNbO3 crystal, a THz
field with a peak electric-field strength of up to 63 kV/cm is
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generated and used to excite the graphene sample in the
THz-TDS system shown in Fig. 17(a). The experimental
time-domain signal and the transmission spectrum results
are shown in Figs. 17(b) and 17(c), respectively. By
increasing the peak THz field from 13 to 63 kV/cm, the
THz transmission increases by ~5%, as shown. The
transmission enhancement is attributed to the photocon-
ductivity reduction of the graphene sample due to current
saturation effects as well as increased scattering rates when
carriers are excited by the THz field. Further, a numerical
model of carrier dynamics, in which the graphene
conduction band is calculated by using the tight binding
approximation, is proposed to explain the nonlinear effect.
We review these works in Section 4.2.

4.1.2 Optical-pump/intense-terahertz-probe technique

In the optical pump THz-TDS technique, the THz signal is

detected under an extra optical pump beam which
impinges on the sample. Usually, the optical pump beam
is a pulsed beamwith a wavelength between the visible and
infrared. By tuning the delay between the pump and probe
pulses, one can study the carrier dynamics. The optical-
pump/intense-THz-probe (OPITP) technique uses the
intense THz pulses as the probe beam in the experiment
so that one can observe nonlinear carrier behavior. The
nonlinear absorption bleaching effect of the intense THz
pulse in photoexcited GaAs has been observed by the
OPITP technique [133]. An optical pump pulse whose
wavelength is 800 nm is incident on the sample, and a THz
pulse generated by a large-area ZnTe crystal is used to
probe the absorption of a 0.5-mm-thick GaAs sample. THz
fields of 173 and 4 kV/cm are generated and defined as the
high-field and low-field, respectively. The transmission of
the main THz peak under the optical pump at different
pump-probe time delays is shown in Fig. 18. The red and

Fig. 15 Terahertz Z-scan experimental results for InGaAs [122]. (a) Z-scan normalized transmission of the total terahertz pulse energy
measured with a pyroelectric detector after the sample (black curve: InGaAs epilayer on an InP substrate; red curve: InP substrate only).
(b) Transmitted terahertz pulse electric field at different positions of the Z-scan. (c) Normalized transmission of the time integral of the
modulus squared for the transmitted electric field as a function of z position along the scan. (d) Normalized electric field differential
transmission as a function of time for different z positions along the scan. Note that the initial positive slope is related to the terahertz pulse
duration and the population rate, while the negative slope is indicative of the carrier decay time
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black lines represent the high- and low-THz electric-field
probes, respectively. One can see that the transmission of
the high-THz electric field in the GaAs sample is
approximately 60% higher than that of the low-THz
probe. This phenomenon is attributed to THz-pulse-
induced intervalley scattering of electrons between the G
and L valleys, as shown in Fig. 18(b). First, the 800 nm
pump pulse excites the electrons and holes in the normally
insulating GaAs sample and the electrons are injected into
the higher mobility central G valley of the conduction
band. The high-THz electric field later induces intervalley

scattering, injecting electrons into the higher energy state L
valley. Since the mobility of electrons in the L valley is
much less than that of the central G valley, the conductivity
of the GaAs sample decreases. Thus, the high-THz electric
probe has higher transmission than the low-THz electric-
field probe. The dynamic intervalley-electron-transfer
model based on intervalley scattering is introduced and
the results based on the model are derived. Figure 19
shows the experimental and calculated conductivities of
GaAs and indicates good agreement. The conductivity of
the GaAs sample in the low- and high-THz electric fields

Fig. 16 Terahertz Z-scan experimental results for n-doped silicon [123]. (a) Experimental setup. The terahertz pulses are generated by
tilted-pulse-front excitation in LiNbO3 and electro-optically detected by a ZnTe crystal. (b) Open-aperture Z-scan: change in transmitted
terahertz amplitude through the doped silicon sample as a function of distance from the terahertz beam focus. Also, see Ref. [73]

Fig. 17 Terahertz Z-scan experimental results for graphene [132]. (a) Schematic of the experimental setup based on the titled-pulse-front
technique and a LiNbO3 crystal. (b) Time-domain signal of terahertz pulses transmitted through the bare SiC substrate and the graphene
sample for two terahertz electric-field strength levels, normalized to the response of the bare SiC (the inset shows a detail of the peaks of
the three pulses), and (c) the transmission spectra for four different terahertz electric-field strength levels
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are different. Moreover, without consideration of the
intervalley scattering effect, the calculated results do not
match the experimental data.
Intense THz induced transmission enhancement is

observed in monolayer graphene by the OPITP technique
[134]. It is found that the transmission enhancement
increases with increasing optical pump fluence. After the
photoexcitation, the transmission enhancement decreases
as the THz field strength is increased. This can be

attributed to an increased photoconductivity in the
graphene sample induced by the optical pump. The
photoexcitation of graphene results in hot electron–hole
pairs generated by exciting electrons from the valence
band into the conduction band, increasing the carrier
density. In addition to the optical pump increasing the
carrier density, it also raises the temperature of carriers
through exchange of heat between the photoexcited
carriers and cold carriers below the Fermi level via
carrier-carrier scattering and optical phonon emission. The
increase in the electron–hole density along with the heating
of carriers leads to a higher carrier scattering rate and
results in a net suppression in the photoconductivity of the
graphene sample that leads to the observed pump-induced
transmission enhancement. The measured sample is
epitaxial monolayer graphene developed by thermal
decomposition on a 4H-SiC substrate. The intense THz
pulse is generated by a LiNbO3 crystal using the titled-
pulse-front technique. The sample is placed at the focus of
the THz pulse, having a peak electric-field strength
between 9 and 63 kV/cm on the sample. The transmitted
THz field is detected by a 0.5-mm-thick ZnTe crystal using
EOS. The pump beam is emitted by an 800 nm, 40 fs, 2.5
kHz amplified Ti:sapphire laser system. The optical pump
fluence is varied from 29 to 137 mJ/cm2. Figure 20(a) is the
time-domain signal under the low-THz peak electric-field
probe (9 kV/cm) showing an obvious THz transmission
enhancement. All signals are normalized to the peak THz
field transmitted through the bare SiC substrate. Figure 20
(b) shows the differential transmission DT/T0 of the THz
pulse peak as a function of the delay time between the
optical pump and THz probe under different pump
fluences. T0 is the THz transmission of the unpumped
sample and DT is the difference between the THz
transmission of the pumped and unpumped sample. After
photoexcitation, a rapid increase and subsequent decrease

Fig. 18 Experimental results and theoretical explanation of transmission of pumped GaAs [133]. (a) Transmission of the GaAs sample
of the terahertz peak under the 800 nm pump. (b) Schematic of the electronic band structure of GaAs and related excitation mechanisms

Fig. 19 Calculated and experimental complex conductivity of
pumped GaAs [133]. The experimental complex conductivity is
extracted at a pump-probe delay time of 10 ps measured at low (a)
and high (b) terahertz-probe fields. The solid blue lines in (a) and
(b) are corresponding fits using the dynamic intervalley-electron-
transfer model. The effect of neglecting intervalley scattering in
the model is shown in (c)
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in the THz transmission of the graphene sample was
measured. As the optical pump fluence increases, DT/T0
also increases. With the optical pump fluence fixed at 137
mJ/cm2, the time-domain signals for different THz electric-
field probes (9 and 63 kV/cm) are shown in Fig. 20(c). A
clear decrease in the differential signal is observed. Figure
20(d) shows the pump-probe response of the graphene
sample at different THz probe field levels. The peak of the
differential THz signal decreases when the THz probe field
strength is increased.

4.1.3 Terahertz-pump/terahertz-probe technique

TPTP spectroscopy uses a THz pulse as the pump beam
and another THz pulse as a probe. This technique is widely

used nowadays for characterizing materials [135,136].
Hoffmann et al. used the TPTP technique to investigate the
impact ionization effect in InSb semiconductor material
[137] on picosecond time scales. The experimental setup is
shown in Fig. 21(a). Two optical beams, split from a
Ti:sapphire laser, are incident on a LiNiO3 crystal and
generate THz pulses by the tilted-pulse-front method. The
10% energy beam is used to generate the probe THz pulse
and the 90% energy beam is used to generate the pump
THz pulse. The single-cycle THz pump pulses are focused
to a 1 mm diameter spot at the sample and a 1.1-mm-thick
ZnTe crystal is used for EOS of the THz field using a
balanced detector and a lock-in amplifier. The samples are
n-type Te doped and nominally undoped InSb wafers.
Figures 21(a) and 21(b) show the time-resolved absorption
traces of the doped sample under different pump-probe

Fig. 20 Intense terahertz-induced transmission enhancement in monolayer graphene [134]. (a) Time-domain signals of transmitted
terahertz pulses without and with the pump beam probed by 9 kV/cm peak terahertz field. (b) Differential transmission DT/T0 of the peak
terahertz field as a function of the pump-probe delay time, for various optical pump fluences. (c) Differential terahertz field DE/E0 of
terahertz pulses at low (9 kV/cm) and high (63 kV/cm) terahertz peak electric fields. (d) Transient differential transmission DT/T0 of the
terahertz peak field as a function of the pump-probe delay time at a fixed pump fluence of 137 mJ/cm2 while the terahertz field is varied
from 9 to 63 kV/cm
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time delays at temperatures of 80 and 200 K, respectively.
For both temperatures, the absorption increases after THz
excitation (after 0 ps) and reaches a peak at 30 ps, the total
increase in absorption being 80–90 cm–1. This effect is
attributed to the generation of new carriers through impact
ionization. In the measurement at 200 K, there is an initial
dip in the absorption after THz excitation, attributed to the
decrease in the mobility of hot electrons as a result of both
strong nonparabolicity of the G valley in the conduction
band of InSb and scattering of these hot electrons into side
valleys. Moreover, the intrinsic carrier concentration at 200
K is much higher than that at 80 K due to the small band
gap of InSb, thus, the effect of absorption saturation is
much stronger at 200 K than at 80 K. After 4 ps, the
additional absorption caused by the newly generated
carriers exceeds the saturation effect, thereby leading to
the observed overall absorption increase for the 200 K
case. The absorption spectra for the doped and undoped
samples obtained with different pump intensities at a probe
delay of 35 ps and a temperature of 80 K are shown in Figs.
21(c) and 21(d). One can easily observe that the expected
Drude-type contribution from free-carrier absorption is
more pronounced at higher pump fluences.
A strong THz induced transparency in CVD-grown

graphene is also observed using the TPTP technique [138].

This THz induced transparency is attributed to the
nonlinear pumping of carriers in graphene that suppresses
the conductivity. The high-field THz pulses are generated
by OR based on the tilted-pulse-front method in a LiNiO3

crystal, as shown in Fig. 22. The generated THz pulse is
focused onto the sample with a pair of off-axis parabolic
mirrors, the pulse energy of the THz pulse at the sample is
estimated to be 1.5 mJ and the spot size was 1 mm, giving a
maximum fluence of 190 mJ/cm2. The transmitted THz
pulse was focused onto a ZnTe crystal for detection by
EOS. Figure 23(a) shows the THz field transmissions
defined as t = |Esam(ω)|= |Eref(ω)|, for various THz pump
field strengths in the frequency domain. The insets are the
TDS signals of the sample and substrate, and correspond-
ing spectra. One can see that the transmission increases
with increasing THz pump strength, indicating strong
THz field-induced transparency. To understand THz
saturable absorption in graphene, a Drude-like treatment
is used to calculate the conductivity of graphene and to
fit the data in Fig. 23(b). The large induced transparency
can be explained as a THz pump pulse induced creation
of electron-hole pairs and carrier redistribution that
suppresses the carrier mobility through enhanced scatter-
ing processes at higher carrier densities and lattice
energies.

Fig. 21 Terahertz-pump/terahertz-probe time-resolved measurement of InSb [137]. Terahertz absorption data of the doped InSb sample
at (a) 80 K and (b) 200 K. Terahertz absorption spectra at various pump intensities measured at a probe delay time of 35 ps at 80 K for
(c) doped and (d) undoped InSb samples

22 Front. Optoelectron. 2021, 14(1): 4–36



4.1.4 Intense terahertz-pump/other radiation-probe
technique

Because the THz pulse has a duration of several ps, it is a
good candidate for short excitation to explore carrier
dynamics [139]. A large THz derived transparency is
observed by the intense THz pump infrared probe (ITPOP)
technique [140]. In this work, the high peak THz electric
field is used as the excitation field in the graphene sample
and the excited carriers are monitored by the near-infrared
pulse. The sample is a commercial CVD graphene grown

on Cu foil that is transferred onto a SiO2 substrate. The
experimental setup is shown in Fig. 24(a), an 800 nm laser
pulse (Ti:sapphire amplifier that delivers pulse of 3 mJ and
35 fs pulse width) is split into two pulses for (a) THz
generation (2.4 mJ) based on the air-plasma method and
(b) the time-resolved transmission probe (< 1 nJ). The
generated intense THz pulse and the optical probe pulse are
focused on the graphene sample and the time delay
between these two pulses is controlled by translating a
stage to adjust a delay line. By replacing the sample with a
GaP crystal, the THz time delay can be obtained by EOS

Fig. 22 Experimental TPTP setup [138]. RM: recombination mirror; EO/EOS: electro-optic sampling; LN: lithium niobate; l/2: half-
waveplate; l/4: quarter waveplate; WP: Wollaston prism; PD: photodiode; LIA: lock-in amplifier

Fig. 23 Terahertz-induced transparency of graphene [139]. (a) Transmission spectra of CVD graphene on fused silica at different
fluences. The insets are the time-domain signals and spectra of the sample and bare substrate. The transmission increases with increasing
terahertz field strength. (b) Terahertz power transmission integrated over the entire terahertz pulse as a function of the terahertz fluence
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detection, as shown in Fig. 24(b). The THz pulse is
estimated to have a peak electric field of 300 kV/cm and a
pulse width of 100 fs. Figure 25(c) shows a typical THz
induced differential optical density (OD) measurement as a
function of time with a peak pump THz electric field of
300 kV/cm. The normalized differential OD is defined as
DT/ODref, where ODref is the OD of graphene at 800 nm
without THz pulse excitation. The maximum value of DT is
103 for the highest THz electric field. This large THz
induced transparency is caused by electron filling or hole
depletion of the corresponding energy levels. Figure 25
shows the experimental results of intense THz induced
infrared transparency at 170 and 300 kV/cm. The
transparency increases for higher THz electric fields
because the carrier relaxation time tends to increase with
field strength. The maximum of induced transparency as a
function of the peak THz electric field is shown in Fig. 25
(e). A fit with an exponent of 2.5 is found experimentally,
suggesting that increasing the THz field strength causes
nonlinear transmission attributed to the rapid increase in
the number of carriers.
In a summary, many spectroscopy detection techniques

have employed intense THz waves to reveal the carrier
dynamics of semiconductors and other condensed matter
systems.

4.2 Applications of intense terahertz radiation to traditional
nonlinear effects

Nonlinear effects require strong electric-field excitation.
Due to the lack of intense sources, THz nonlinear effects
have not been fully explored historically. Benefiting from
recent developments of intense THz sources, there are

increasing studies on nonlinear effects, such as high-order
harmonic generation (HHG), saturation/non-saturation of
absorption, and four-wave mixing. In this section, we will
review the traditional optical nonlinear effects with intense
THz pulses.

4.2.1 High-order harmonic generation

HHG is a fascinating and very useful nonlinear effect, that
is relatively easy to realize in the optical region. In the THz
region, there are two main obstacles to realizing HHG. The
first is that the THz electric field may not be strong enough
to excite nonlinearity. The second is that the efficiency of
HHG is relatively low. With THz fields as high as several
hundred MV/cm, HHG is beginning to be explored. THz
HHG in semiconducting GaSe based on dynamical Bloch
oscillations has been demonstrated experimentally [110].
The intense THz field drives the interband polarization in a
bulk semiconductor and accelerates the excited electron–
hole pairs to perform dynamical Bloch oscillations, which
generate carrier-envelope phase stable radiation whose
frequency range is between 0.1 and 675 THz. The intense
THz pulse is generated by the difference frequency mixing
effect in the GaSe crystal and HHG is detected with
different sensors. The central frequency of the generated
THz wave is 30 THz and the peak electric-field strength is
72 MV/cm. The time-domain waveform of the generated
THz source is shown in Fig. 26(a). The waveform is
detected with a 40-mm-thick GaSe crystal and the full
width at half-maximum (FWHM) of the THz pulse is 109
fs. The inset shows the corresponding spectrum with a
central frequency of 30 THz. The generated intense THz
pulse is focused on another bulk GaSe crystal to generate

Fig. 24 Terahertz derived transparency in graphene [140]. (a) Schematic of ITPOP experimental setup. An 800 nm laser pulse is
frequency doubled using a β-barium borate crystal. (b) Time-domain signal of the incident terahertz electric field and its spectrum.
(c) Terahertz-induced normalized differential optical density of graphene at 800 nm as a function of delay time
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HHG, which is detected by an AgGaS2 sensor based on the
EOS method. The results are shown in Fig. 26(b). From the
inset one can observe the fundamental wave, second
harmonic wave, and a low-frequency offset wave located
between 0.1 and 10 THz that is generated by OR in the
sample.
Moreover, HHG waves as high as the 22nd order are

detected by different detection methods, as shown in
Fig. 27. In this figure, the 6th to 9th order waves are
detected by a grating spectrometer with an InGaAs array
detector, while the 10th to 22nd order waves are detected
by a cooled silicon charge-coupled device. HHG intensity
decreases with order as expected. Figure 27(b) presents a
trace of HHG intensity as a function of the THz amplitude

Fig. 25 Time-resolved ITPOP results [140]. Normalized differential optical density as a function of time delay with peak electric fields
of (a) 170 kV/cm and (b) 300 kV/cm (experiment: circle, simulation: solid line). (c) and (d) Corresponding calculated carrier densities as a
function of time delay. Dashed lines represent initial carrier density. (e) Terahertz-induced transparency of graphene as a function of a peak
electric field (experiment: filled circle, simulation: solid and dashed lines). Experimental results follow a power law with an exponent of
2.5 (dotted line)

Fig. 26 Time-domain transients of pump terahertz and HHG [110]. (a) Waveform of the intense terahertz source (blue, solid curve)
features a Gaussian envelope (black dashed curve) with an intensity full width at half-maximum of 109 fs. Inset: corresponding spectrum.
(b) Electro-optic trace of the waveform generated by the intense terahertz pulse in a GaSe single crystal (220-μm-thick). The data are
recorded by an AgGaS2 detector (100-μm-thick). Insets: corresponding amplitude spectrum and experimental geometry, indicating the
incident angle of 70°
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for the 13th order wave. The intensity initially scales
asymptotically as I13 is proportional to Ea

26, as shown by
the dashed line. While at the higher incident electric field,
the increase is slower, as shown by the dotted line. This
confirms the non-perturbative nature of HHG. Note that all
generated HHG waves are phase locked, therefore spectral
interference may occur in the full spectrum regime.
Figure 27(c) shows an interferogram of the 12th and the
frequency-doubled sixth harmonic waves. A theory
accounting for both off-resonance excitation of interband
polarization and intraband acceleration of electronic
wavepackets throughout the Brillouin zone is used for
the explanation of HHG waves. The HHG wave spectrum
is calculated using this method and indicated in Fig. 27(a)
as a dashed line. Moreover, a THz-induced dynamical
band mixing is obtained by including three valence and
two conduction bands as shown in Fig. 27(d), which
identifies dynamical Bloch oscillations combined with
coherent interband excitation as the physical origin of the
HHG process.
THz HHG in single-layer graphene has also been

performed experimentally [111]. HHG up to the 7th
order in single-layer graphene at room temperature and

under ambient conditions was driven by a THz field of
only tens kV/cm. The extremely efficient generation of
THz high-order harmonics in graphene is attributed to the
collective thermal response of its background Dirac
electrons to the driving THz field. The sample is a typical
monolayer graphene grown by the CVDmethod, deposited
on a fused SiO2 substrate. The THz source used is a new
superconducting radiofrequency accelerator-based super-
radiant THz source: TELBE facility, which can generate
narrow-band, multi-cycle quasi-monochromatic THz
radiation. The peak electric-field strength can be tuned
over the range 12–85 kV/cm, and the central frequency
varied over the range 0.3–0.68 THz. The generated
narrow-band THz wave is focused on the graphene
sample, driving a nonlinear current in the graphene and
leading to re-emission at higher odd-order harmonics. The
experimental results are shown in Fig. 28(a), the frequency
of the fundamental wave was 0.3 THz and the peak
electric-field strength was Ef = 85 kV/cm. The blue line is
the transmitted spectrum of the graphene sample and the
red line is the spectrum of the bare SiO2 substrate. One can
see that in the graphene sample the odd-order HHG up to
the seventh order is observed with a pump-to-harmonic

Fig. 27 Terahertz HHG waves in bulk GaSe [110]. (a) High-order harmonic (HH) intensity spectrum (solid line and shaded area) emitted
from a GaSe single crystal. The blue dashed curve shows the computed HH intensity spectrum, obtained from a five-band model.
(b) Dependence of the intensity I13 of the 13th harmonic on the incident terahertz amplitude Ea. Dashed line, scaling law of I13/ E26

a ;
dotted line, scaling law of I13/ Ea. (c) Spectral interference between the frequency-doubled sixth harmonic and the 12th harmonic
confirms the CEP stability of the HH radiation. (d) Model electronic band structure of GaSe between the G- and K-points, underlying the
subsequent computations. Two conduction bands (CB1 and CB2) and three valence bands (VB1, VB2, and VB3) are considered.
Coherent excitation of electrons (symbols), for example, from the second valence to the lowest conduction band, can proceed via
interfering pathways with different scaling in powers of the terahertz field
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field conversion efficiencies of 10–3, 10–4, and 10–5 for the
3rd, 5th, and 7th harmonics, respectively. This exceeds the
respective nonlinear coefficients of typical solids by 7–18
orders of magnitude [141,142]. The underlying physical
mechanism of THz harmonic generation in graphene is the
creation of nonlinear electrical currents resulting from the
strongly nonlinear intraband THz conductivity of graphene
background electrons. The processes of heating and
cooling of background Dirac electron populations, leading
to the reduction and recovery of the intraband THz
conductivity in graphene, are schematically shown in Fig.
28(b). Here N(E) = D(E)fFD(E,T) is the energy-dependent
population density function for graphene background
electrons, a product of the density of states D(E) and the
Fermi–Dirac distribution fFD(E,T). The energy relaxation
(cooling) of the hot electron population in graphene occurs
through phonon emission on a timescale of a few
picoseconds and is in the THz region. This phonon
emission completes the energy conversion process in the
THz excitation of graphene, in which the background
population of Dirac electrons serves as a nonlinear
intermediary in the transfer of energy from the absorbed
THz field to the lattice of graphene.

4.2.2 Saturation of absorption

Saturation of absorption is a nonlinear effect in which the
absorption of a material will saturate when the incident
optical intensity exceeds the materials threshold. The THz
nonlinear absorption in graphene nanoribbons has been
demonstrated by using the ITPTP technique [113]. A

strong saturation of plasmon absorption followed by a 10
ps relaxation time is observed experimentally. The
observed nonlinearity is enhanced by two orders of
magnitude compared to unpatterned graphene without
plasmon resonance. The observed strong linearity is
contributed to by an unexpected redshift of plasmon
resonance together with a broadened and weakened
resonance caused by the increase in electron temperature.
The sample is a CVD-grown monolayer graphene which is
transferred to the silicon substrate later. Graphene ribbons
of width w = 730 nm and period L = 1.5 mm are fabricated
by electron-beam lithography and a lift-off process. The
fabricated graphene grating covers a region of 1.5 mm �
1.5 mm. The false color scanning electron micrograph of
the sample is shown in Fig. 29(a) and a schematic of the
structure is shown in Fig. 29(b). The transmission
spectrum, shown as a blue line in Fig. 29(c), exhibits an
absorption peak at the plasmon frequency of 9.4 THz. The
ITPTP setup used is shown in Fig. 29(d), in which the
intense THz radiation is generated by a free-electron laser
(FEL) tuned to produce 5.5 ps pulses at a repetition rate of
13 MHz. The THz beam is split into two beams that
comprise the pump and probe beams, and the time delay is
controlled by a motion stage. The state of polarization of
copolarized pump and probe beams can be set to be either
perpendicular or parallel to the graphene ribbons in order
to control plasmon excitation. Figure 30(a) shows the
transmission of the sample as a function of the time delay
between the pump and probe THz waves for different
pump fluences. One can see that the pump causes a
decrease in absorption in all cases. The observed nonlinear

Fig. 28 Experimental results and schematic diagram for explanation of HHG in graphene [111]. (a) Spectrum of the graphene sample
(red line) and bare SiO2 substrate (blue line), the odd-order HHG waves are clearly observed. (b) Illustration of the mechanism of terahertz
harmonic generation in graphene, based on calculations with the thermodynamic model of intraband nonlinear terahertz conductivity of
graphene
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response decay for the wake pump pulse has a time
constant of ~10 ps, which is close to the electron-phonon
relaxation time in the graphene. A nonlinear thermal model
for plasmonic absorption that includes supercollision
cooling and longitudinal acoustic phonon scattering is
introduced to explain this nonlinear absorption effect. The
calculated transmission results are shown in Fig. 30(b), and
are in close agreement with the experimental results.
Moreover, the nonlinearity of the sample can be enhanced
by the plasmonic structure, as shown in Fig. 30(c). The
plasmons are excited when the THz wave is polarized
perpendicular to the ribbons.

4.2.3 Four-wave mixing

THz fields reaching 100 MV/cm [117] have enabled
exploration of light–matter interaction in a regime where
the Rabi frequency becomes comparable to the oscillation
frequency of the driving THz field and the nonlinear
response reaches the limit of non-perturbative optics. The
coherent nonlinear THz response of the interband
polarization in the semiconductor InSb has been revealed
by the ITPTP technique. The most interesting result is the
observation of four-wave mixing signal separated from the
other THz signals [117]. The experimental results show

Fig. 29 Terahertz nonlinear absorption in graphene nanoribbons [113]. (a) False color scanning electron micrograph of fabricated
graphene ribbons. (b) Cross sectional diagram of device. (c) Measured (blue) and best fit (green) linear transmission spectrum of device.
(d) Sketch of the experimental setup for the pump-probe measurements

Fig. 30 Experimental results of nonlinear absorption in graphene nanoribbons [113]. (a) Measured relative change in transmission of the
probe signal as a function of pump-probe time delay Dt for different pump fluences. The positive signal indicates a decrease in absorption
that becomes stronger at higher pump fluences. (b) Calculated relative change in transmission based on a nonlinear thermal model for
plasmonic absorption in graphene nanoribbons that includes supercollision cooling and longitudinal acoustic phonon scattering.
(c) Comparison of normalized change in transmission for two different polarizations
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that when the peak electric fields of the THz pulses are in
excess of 3 MV/cm, the four-wave mixing signal shows a
clear signature of a non-perturbative response caused by
coherent Rabi flopping. The schematic of the experimental
setup is shown in Fig. 31, in which pulses A and B are two
intense THz pulses which are generated by difference
frequency mixing in a GaSe emitter. Pulse A is fixed and
pulse B is delayed by a time t. The transmitted pump-
probe signal is detected as a function of t. The interference
of these two THz pulses generates a four-wave mixing
signal which is emitted in a different direction, as the red
dashed line shown in Fig. 31. The sample is a bulk InSb,
which has a small energy gap that results in a relatively
large density of intrinsic charge carriers.
Figure 32(a) shows the transmitted THz field as a

function of the EOS delay time t and the relative pulse

Fig. 31 Schematic representation of a non-collinear four-wave
mixing experiment [117]. Two high-field terahertz pulses are
focused into an InSb sample. The dashed lines illustrate the
generated nonlinear signal. The pump-probe signals PP-BA (pump
B/probe A) and PP-AB (pump A/probe B) propagate in the same
direction as the probe pulses A and B, respectively. The coherent
four-wave mixing signal depends on the relative phase of the
interacting pulses and propagates in a different direction

Fig. 32 Experimental results of terahertz four-wave mixing [117]. (a) Transmitted terahertz signal through InSb as a function of the
electro-optic sampling delay time t and relative pulse delay t. (b) Nonlinear four-wave mixing signal. (c) Two-dimensional Fourier
spectrum of pump-probe and four-wave mixing contributions located at different points of the frequency plane. (d) and (e) Time-domain
pump-probe signals PP-BA and PP-AB obtained by inverse Fourier transform of the signals at kA and kB, respectively. (f) Time-domain
four-wave mixing signal obtained by inverse Fourier transform of the signal at 2kA – kB
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delay t. The nonlinear contribution is obtained by
subtracting the transmitted fields of the individual pulses
A and B from the total electric field. The resulting two
time-dependent nonlinear response is shown in Fig. 32(b).
Since the four-wave mixing process relies on the
interference of two excitation fields, the phase of the
signal varies periodically with the relative pulse delay t.
Fourier transformation in two-dimensional frequency
space allows us to separate the four-wave mixing signal
from the pump-probe signals, as shown in Fig. 32(c).
Different contributions to the nonlinear signal are
manifested as distinct pairs of maxima conjugated by the
inversion operation with respect to the origin. Figure 32(d)
shows the temporal evolution the signal obtained by the
selective inverse Fourier transform of the signal at kA that
represents pump and probe beams of B and A pulses,

respectively. Figure 32(e) shows the inverse Fourier
transform of the signal at kB that represents pump and
probe beams of A and B pulses, respectively. Figure 32(f)
is the inverse Fourier transform of the signal at 2kA – kB,
and is a clear four-wave mixing signal.

4.3 Application of intense terahertz magnetic field

Along with the development of intense THz sources,
intense THz magnetic fields have also been explored. The
intense THz magnetic field can strongly couple to a spin
subsystem and be used to coherently control the precession
of macroscopic magnetization [118,143]. Ultrafast control
of collective spin precession in antiferromagnetic NiO at
frequencies of 1 THz was demonstrated [10,117]. Using
intense THz magnetic fields, the coherent magnon can be

Fig. 33 Switching of coherent magnon [10]. (a) Schematic of terahertz-pump magneto optic-probe system. (b) Lattice geometry of NiO
with the incident of terahertz magnetic field pulse. (c) Magnetic field of an incident single terahertz pulse B(t). (d) Induced Faraday rotation
qF(t) as a function of pump-probe delay t. (e) Fourier amplitude spectrum of B and qF. (f) Double-pulse excitations with the second pulse in
and (g) out of phase with the spin precession triggered by the first pulse. The red lines are the trace of the terahertz pulses, green lines are
the experimental results for qF(t), and black lines are the simulation results
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switched on and off with sub-cycle precision. The
experiment is schematically shown in Fig. 33(a). An
intense THz magnetic field transient with a strength of ~0.5
T excites the sample and perturbs the electron spins via the
direct Zeeman interaction. The induced magnetizationM(t)
is probed by a near-infrared laser pulse as a function of the
delay time t. The quasi-cubic crystal structure of the
sample is shown in Fig. 33(b). Figure 33(c) shows the time
trace B(t) of the incident magnetic pulse recorded by EOS.
It indicates that the incident THz pulse has a 0.13 T
magnetic field and a frequency range of 0.1–3 THz in the
spectrum that fully covers the magnon resonance
frequency of the NiO sample. An 8-fs ultrafast pulse
with a central photon energy of 1 eV serves as the probe
beam to obtain the pump-induced Faraday rotation qF as a
function of the EOS time t. The experimental results are
shown in Fig. 33(d). A harmonic oscillation with a period
of 1 ps that reaches its maximum amplitude at t = 3 ps is
clearly shown, and decays exponentially with a time
constant of 39 ps. The resulting spectrum that is obtained
as the Fourier transform of the time-domain Faraday
transient is shown in Fig. 33(e). A narrow peak is evident
at 1.0 THz, clearly identifying the signal as the
magnetization signature of a coherent oscillation of a
long-wavelength antiferromagnetic magnon in the NiO
sample. Because the magnon has a long lifetime of 39 ps,
coherent control can be demonstrated by using two THz
pulses. When the second THz pulse is applied precisely six
precession cycles (6 ps) after the first pulse, the amplitude
of the induced magnetization is doubled as shown in Fig.
33(f). This amplification arises from that the torque of the
second pulse being in phase with the spin precession
induced by the first pulse. The amplification effect is
reversed if the second pulse is delayed 6.5 precession
cycles after the first, as shown in Fig. 33(g). In this case,
the torque of the second pulse is in antiphase with the spin
precession and switches the dynamics off. All simulation
results agree with the experimental data.

5 Perspectives

This article provides an overview of the current status of
the generation and applications of intense THz radiation.
Intense THz sources are becoming increasingly accessible.
The intensity of THz generated from LiNbO3 can be
increased by using a large crystal and liquid nitrogen
cooling. The potential of organic crystals is yet to be fully
realized. With the improvement in high-intensity femtose-
cond lasers, THz from laser plasma will provide a novel
avenue for intense THz sources, especially from metal
surfaces, water films, and bulk liquids. Spintronic materials
and metasurfaces are two emerging systems. By optimally
designing these artificial structures, the generated THz
radiation can be greatly enhanced. Furthermore, metasur-
faces provide an approach to control the polarization and

phase of the generated THz field, which is useful for
precise control of THz–matter interaction. With the
development of intense THz sources, it is possible to
access the nonlinear properties of materials in the THz
range, such as HHG from two-dimensional materials and
their heterostructures, Kerr effects, and saturation of
absorptions. Therefore, the strong THz magnetic field
opens an avenue for switching magnons on the ps time
scale, and we expect more exciting contributions to appear
in this promising field.
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