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Fig.2 Schematic diagram of air plasma terahertz source device (DAC: diamond anvil cell, a setup can generate hydrostatic pressure
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Fig. 3 Ultrabroad terahertz spectra obtained in our laboratory. (a) Time-domain spectrum; (b) frequency-domain spectrum after fast

Fourier transform (FET); (c) square of the frequency-domain amplitude; (d) phase spectrum after FFT
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Fig.4 Terahertz metasurface nanogap and time-domain spectroscopy’”. (a) Light-induced alternating current charges the nanogap,

30 um

thereby enhancing the electric field as represented by the gradual colour contour; (b) a cross-section of the nearly free-standing
nanogap sample structure before FIB (focus ion beam) processing and a scanning electron microscopy (SEM) image of the area
indicated in the main panel; (c) terahertz time-domain spectroscopy of the sample is measured by electro-optic sampling, where

an SEM image shows the geometry and dimensions of the nanogap (a 70 nm width nanogap perforated on gold film)
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Fig.5 Full-wave simulations of the electric field enhancement in the SRR and nonlinear THz transmission experiment'’. (a) Resonant

field enhancement as a function of position; (b) simulated time-dependent THz field strength (red) in the horizontal gaps using

experimental data (blue) as the input; (c) frequency-dependent in-gap field enhancement obtained from the ratio of Fourier

amplitudes of the simulated in-gap and measured incident fields in Fig. (b); (d) field-dependent nonlinear transmission spectra of

SRR on VO, at 324 K, for in-gap field strength ranging from 0.3 to 3.3 MV/cm; (e) full-wave simulations of SRR response for

in-gap conductivities ranging from 30 to 400 (Q+cm) ' (assuming real part conductivity o, changes only in the gaps)
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Fig. 6 Localized surface plasmon polariton enhancing field at the metallic tip apex"”’
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Fig.7 THz-STM and its applications. (a) THz-STM in GBA Branch of Aerospace Information Research Institute, Chinese Academy

of Sciences; (b)—(c) measured autocorrelation signal and silicon surface image (the temporal resolution is about 350 fs and the

spatial resolution is about 0.1 nm)
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Fig.8 Investigation of the THz-induced impact ionization in
silicon™. (a) Schematic diagram of the pump-probe
setup used to investigate THz-induced IMI in silicon,
where a CCD image of unit cell of the antenna array with
bright probe spot (dashed circle) is shown in the inset;
(b) calculated local electric field enhancement profile near
the antenna tip; (c) carrier transitions in silicon band
structure: interband transitions due to pump beam (1), L-
to-X intervalley scattering (2),
through  IMI (3),

carrier multiplication

and phonon-assisted interband

transition (4)
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Fig. 9 Schematic of the electronic band structure of GaAs and
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related excitation mechanisms"™. @ The 800 nm pump
pulse excites electrons and holes in the normally
insulating GaAs sample, with the electrons being
injected into the higher mobility central I' valley in the
conduction band. @ The electrons quickly thermalize
within 1 ps to the bottom of the I'-valley. @-@ A high-
field THz probe pulse accelerates the photoexcited
electrons to higher energies in the I'-valley, which may

result in intervalley scattering to the L-valley
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Fig. 10 Coherent interlayer shear mode in W Te, measured using relativistic ultrafast electron diffraction. (a) Lattice structure of Td-

W Te,; (b) schematic of SLAC 3-MeV relativistic ultrafast electron diffraction setup ( intense terahertz pump pulses are used to

induce interlayer shear strain in WTe,); (c) measured electron diffraction pattern of WTe, at equilibrium. (d)-(e) changes in

Bragg peak intensity as a function of time delay between the terahertz pump pulses and the electron beam; (f) FET amplitude of

the coherent oscillation, indicating the 0.24 THz shear phonon mode along the 4 axis
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coherent magnon oscillation and, subsequently,
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B 25 A b 24 I T 7 00 B A B8 0, A2 R B R R B

Ji2p o REH AR PERAE . 2016 4F |, Baierl 257 1 H
W AP B 37 8 3 O 0.4 T B B 28 0% 34 % NiO J7 & PR i

&I A BN LA 1.0 THz B9 I i .

TR A 68 2% 0 o T LA 2 T P A e R R
PR iR DR R A T S B R S A Y
WAL A 2 X, 20134F, Vicario 2 F] H
U P R B 500 B SRy 0.4 T 118 B J) 390 KB 22 Ik i % 10 nm
JEE Co Wi, 5230 T %F Co J2 R 4E Fz Fbi 9 i i 425

T N T B S Ak 28 Bk b 5w v R R R R
JE AE 40 K R G H) G iiﬁ%ﬁ%*ﬁﬁf’ﬁﬁﬁﬁﬁ*
Kk 2% % L 37 o R g PR R A B H AR KRR . 2016
4F, Bonetti 25" I I W {f HE 373 5 B R 60 MV /m ) 5
ik K 2% U 43 N Kk BT Fe Wi I 5 £ 5 CoFeB

(a) Amplitude (a.u.)
High B N Low

Detection frequency (THz)

Excitation frequency (THz)

®) Fhonan ﬁTjj’
nQp -2 11 T‘bAMJO
)
< A,
o, |l
| =

<
=
I
(=}

Ground Co

T

X

F12 KB 2EOGER S AE 5 A BE MRS (a) JE LM R e 1
AR BT 5 (b) KO 22 1% 9 53 B UK B S F R
NEE L B LR & CoF, Fui 59 T 3 3h I Bk W 4
K256 F L 0, 0905 24 WU 78 A0 T G2, MU 7 46 v
B2 57— MR R Q,—Q, KB 2EET 51X A4 e
SAMEAEHIAT#OE B, AT
THz light-driven coupling of lattice to spins"™

Fig. 12 . (a) Two-

dimensional Fourier spectrum of the nonlinear
amplitude; (b) a pictorial of the magnon-mediated
excitation of the B,, phonon by a THz magnetic field.
The unperturbed antiferromagnetic state of the CoF,
unit cell is shown at the bottom. A THz photon
resonantly populates the coherent magnonic state at the
frequency (2,, thus creating an intermediate state.
Another THz photon at the frequency of Q,— £,
interacts with this intermediate state and coherently

excites the B,, phonon

WEFE 25 R R < J5 A AR RO 4% Wk o B e s B —
FE AR B AR WG, G R X AR I g il
T4 3 b B 52 0 25 T K bk 2% 8 3% 4 i I 3 2
CoFeB A B} v (%) B 77 A= (88 B 13 BE It i T A% ik
K’H’ﬁ%’%lﬁﬁﬁ?ﬁﬁﬁiﬁ,U\Wﬁ@ﬁrﬁf?iﬂlj:%fﬂﬁﬂ
EPETN O o XF T BN Fe v B, B g Som b L iR
W Z I AW E &Iﬁt,ﬁﬁ?ﬁiﬁﬂ?ﬁ%%@ﬁfﬁﬁf
GV VTR PR U A [ B A S L 3y i
oK 145 0

1714011-9



2505 F 17 H1/2023 £ 9 B/ EH:

T 25 % R 3 43 3 T LR R X A R B R AT
W] HEJH 37, 2016 4F , Baierl 457 1) Y K bk 2% I L 3
Sy PRI & TmFeO M B (1 Tm™ i H & A B2
BRI (R 1~10 meV) , W 13 TR, A Tm® &5

Fe' Z [al i 22 /e, IR 6 Tm® (0 384 & nT DL sz 30k
ARG 45 1) S T R 4 o 3P R R 4 1 S 1 R 4
ERT 4 Fe' WA N T — A 15, i el A8 T Kk
25V WA, SEEL T R PR TR B o

@ (b)

% Tm3*

\f\ I, Ty I, t
- 60

<

>
_# 30
‘ Tm3* vV
* 70 80 90 100 state \__‘_‘_ K LA

M T(K)

P13 Kl 2% 58 S S5 00 45 i S A 433 A B A9 I 7 (a) T24 M vh TmFeO, Y [ 5E RS HS 4544 5 (b) (15 T A4S 5 (o) ik
Gt i £ Tm’ 8 7 19 5675 3H6 73 2L A 5 18] FR 2024 1~10 meV /Y JLAS BB L (LB A I Y BT I oR BORf 2 7 4 88 1A e e
PP RIR S 25 100 e 5 1 TR < Pl RO 2% Tk o S 41 475 14 R 4 =2 ) ) R R BB o 19 G i 2 AR AR, T AR AR T A e S
J15 0 A R A 7% )
Fig. 13 Principle of spin control by a terahertz-induced anisotropy torque. (a) Spin and lattice structure of TmFeO, in the I'24 phase;

(b) spin reorientation phase transitions; (c) the crystal field splits the ground state 3H6 of the rare-earth Tm"" ions into several

energy levels with an energy spacing of ~1-10 meV (upper panel: the corresponding orbital wavefunctions set the magnetic

anisotropy for the iron spins in thermal equilibrium; lower panel: ultrafast transitions between these energy levels resonantly

induced by terahertz pulses should exert an abrupt torque on the spins and act as an efficient trigger for coherent spin dynamics)
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Fig. 14 Schematic of THz-STL measurement™ (the figure shows the tip and sample and the inset shows the luminescence principle:

luminescence from a localized plasmon is induced by THz-field-driven inelastically tunneled electrons)
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Fig. 15 Carrier-envelope phase-stable terahertz high-harmonic generation in bulk GaSe™. (a) High-harmonic intensity spectrum (solid
line and shaded area) emitted from a GaSe single crystal driven by the phase-locked terahertz pulse; (b) dependence of the

intensity 113 of the 13th harmonic on the incident terahertz amplitude E, (top scale) and the terahertz field strength E,, (bottom

scale) obtained from E, by accounting for reflection at the crystal surface; (c) the spectral interference between the frequency-

doubled sixth harmonic and 12th harmonic confirms the stability of the high-harmonic radiation; (d) electronic band dispersion of

GaSe between the G- and K-points
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Fig. 16 Schematic and main results of the THz high-harmonic generation'”. (a) Schematic of the experiment; (b) terahertz induced high

harmonics ( red line, amplitude spectrum of the incident pump THz wave at the fundamental frequency /=0. 3 THz with peak

field strength E=85 kV/cm, determined in the reference measurement. Blue line, the spectrum of the same THz wave

transmitted through graphene on a substrate, with clearly visible generated harmonics of third, fifth and seventh order. The

shaded area represents the detector cut-off); (¢) pump wave (black line) and generated third, fifth and seventh THz harmonics

for the case in Fig. (b); (d) thermodynamic model calculation, corresponding to the measurements in Figs. (b) and (c), using the

experimental fundamental pump wave at frequency f=0. 3 THz (black line) and the basic parameters of graphene in full thermal

equilibrium at 300 K as input parameters
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Fig. 17 High-harmonic emission from a topological insulator’”. (a) Experimental scheme, where the right sketches represent the high-

order harmonic generation from the bulk (top) and the surface (bottom), respectively, and the light gray represents Dirac-like

dispersion of the TSS and the dark gray represents parabolic bulk bands; (b) high-order harmonic spectra for five driving

frequencies between 25 THz and 42 THz; (¢) amplitude transmission, 7., of a 6.5 pm thick Bi,Te, crystal, obtained by THz

time-domain spectroscopy, where the edge at about 37 THz corresponds to the bulk bandgap, and the coloured arrows mark

the frequencies of the THz waveforms in Fig. (b); (d) intensity of 7th and 14th order harmonic as a function of THz electric field
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Abstract

Significance As an important research method, spectroscopy exhibits versatile and unique advantages, such as contactless
measurement, high sensitivity, and convenience, and thus is widely used in material science and engineering. With increasing
progress of science and technology, the branches of spectroscopy have gradually broadened, and a variety of complex functional
spectral analysis technologies have emerged. Among those, ultrafast spectroscopy is an important subject that has developed rapidly
in recent years. It introduces the time degree of freedom on the basis of traditional steady-state spectroscopy, subdivides the
interaction between light and matter at the picosecond time scale, and studies the time-resolved dynamics of such quasi-particles as hot
carriers, phonons, polarons, and excitons in matter. At present, the wavelengths of light used in ultrafast spectroscopy have covered
most of the bands in the electromagnetic spectrum, and its scope of application has also extended deeply into condensed matter
physics, material science, biomedicine, military, and national defense. Terahertz spectroscopy is an important branch of ultrafast
spectroscopy used in technology that developed in the 1980s that has important scientific research and application prospects.
Generally, as commonly defined, terahertz (THz) waves refer to electromagnetic waves with frequencies in the range 0.1-10 THz
(wavelength 3 mm—-30 pm), also known as submillimeter waves or terahertz radiation. Electromagnetic waves in this band exhibit
many useful properties, such as low photon energy, high penetration, a close match with molecular vibration and rotational energy
levels, and no harmful radiation. Thus, THz radiation has found a wide range of use nowadays. Terahertz technology therefore has
become a major emerging field of science and technology in the 21st century. It is rated as one of the top 10 technologies that will
change the world of the future by the United States, and has been highly evaluated by governments around the world.

With the continued progress of terahertz technology, the terahertz emission efficiency of materials has continually increased, and
the corresponding electromagnetic field intensity has also gradually increased. The electric field component of intense terahertz waves
can easily reach MV/cm magnitudes, and its corresponding magnetic field component can reach Tesla magnitudes. When a sample is
irradiated with such intense terahertz waves, the strong electromagnetic field can apparently regulate the internal physical properties of
matter, such as its spin/electron/lattice structure, dielectric property, and susceptibility, resulting in a series of nonlinear responses,
such as collision ionization, valley scattering, and the terahertz Kerr effect. Research on these nonlinear effects can clarify these
phenomena, promoting the development of ultrafast optoelectronic devices.

Progress Intense terahertz waves exhibit high peak power and correspondingly large amplitudes of the electric and magnetic field
components, whereby they can induce numerous novel anomalous phenomena. In this paper, we first introduce some frequency used
intense terahertz emission sources, including photoconductive antennas, optical rectification crystals, solid and gas plasma emissions,
metamaterials, and tip enhancement. Some typical applications of intense terahertz technology in material science are also introduced ,
including collision ionization, intervalley scattering, coherent modulation, spin regulation, terahertz fluorescence, terahertz high
order harmonic generation, terahertz Kerr effect, and biomedical uses.

Conclusions and Prospects With advances in technology, intense terahertz sources have become increasingly readily available,
and terahertz detection techniques are also continuously growing. Currently, a wide range of experimental methods are being applied
to detect a variety of nonlinear terahertz phenomena. In addition, the range of application of intense terahertz spectroscopy is also
expanding, whereby measurements of physical properties of substances under extreme environmental conditions such as extremely
low temperatures, strong electric and magnetic fields, and high pressure can now be performed. However, a series of problems also
exists, such as the need for stable and efficient intense terahertz sources and a deep understanding of the physical mechanism
underlying the interaction between intense terahertz waves and matter. In addition, a new terahertz theory to account for major
breakthroughs in basic physics has not yet appeared, and there remains a so-called “terahertz gap” in theory. A combination of
electromagnetic theory and quantum theory to solve new terahertz physics problems is needed. The answers to these questions are
important not only for the progress of basic science, but also for the development of applied technology. We believe that in the near
future, terahertz technology is bound to see major breakthroughs, whereupon terahertz devices will be as widely used in every corner
of life as visible and near-infrared devices.

Key words ultrafast optics; intense terahertz source; intense terahertz modulation; applications of terahertz radiation
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