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Novel strong Terahetz pump - ultrafast optical/x-

ray/electron probe for matter dynamics

Li Yutong, Liao Guoqgian

(Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)

E-mail: ytli@iphy.ac.cn

Abstract

Terahertz (THz) radiation with a typical frequency range from 0.1-10 THz lies
between far-infrared and microwaves in the electromagnetic spectrum. Currently
energy of the THz radiation is typially less than milijous, generated with huge-sized
conventional accelerators and nonlinear crystals or semiconductors pumped by optical
methods. We have systematically studied strong THz radiation from solid targets driven
by relativistic laser pulses at intensities above 10'® W/cm?. It is found that intense laser
can generate a large number of high-energy electrons in a thin foil target. When the
electrons escape from the back of the target to a vacuum, the transition radiation can
excite high-intensity terahertz radiation. Using intesne picosecond laser pulses, a strong
terahertz pulse with an energy of up to 200 mJ was obtained experimentally, which is
the highest terahertz energy obtained in the laboratory so far. Such a strong THz source
can be used to study the nonlinear interaction between strong terahertz fields and matter.
By coupling with the ultrafast x-ray and electron diffraction, one can probe ultrasfast
dynamics of quantum matter pumped by strong THz unprecedentedly.

Keywords: ultrafast intense laser, strong THz radiation, ultrafast x-ray, ultrafast
electron diffraction
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A Few Aspects on Understanding the Ultrafast Quasiparticle

Dynamics of Correlated Quantum Materials

ZHAOQ Jimin" 2?3

1) (Beijing National Laboratory for Condensed Matter Physics, Institute of
Physics, Chinese Academy of Sciences, Beijing 100190, China)
2) (School of Physical Sciences, University of Chinese Academy of Sciences, Beijing
100049, China)
3) (Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, China)

E-mail: jmzhao@iphy.ac.cn

Abstract

We have demonstrated ultrafast dynamics evidence of high-T. superconductivity
in single-layer FeSe/SrTiO3, with clear identification of the SC T¢, SC gap A, and
electron-phonon coupling (EPC) constant A4 [1]. Furthermore, we observed the
quasiparticle dynamics in (Lio.saFeo.16)OHFeo.0sSe, Fer.01Seo2Teo.s, and Fei.0sSeo2Teo.s.
Significantly, we found that almost all the optimally doped iron-based superconductors
(including the FeSe-based, FeAs-based, and monolayer FeSe systems) share a universal
positive correlation between 7¢ and the EPC strength (4a1¢ or 4) [2]. This result indicates
that the EPC play an important role in the electron pairing. We also conceived and
constructed a novel instrument that facilitates on-site in situ high pressure pump-probe
ultrafast spectroscopy. With this instrument, we investigated the quasiparticle dynamics
of strong correlated iridate Sr2lrO4, finding a unique pressure-induced phonon
bottleneck effect [3].

Our results demonstrate promising venues for ultrafast optical investigation of the
quantum properties of various correlated systems. I will discuss several aspects on
understanding these results.

Keywords : quasiparticle dynamics, ultrafast spectroscopy, electron-phonon
coupling, superconductor, quantum material.
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Towards ultrafast magnetic imaging of quantum materials

Wang Yihua? Xiang Bing-ke" Pan Yin-ping!
1) (State Key Laboratory of Surface Physics and Department of Physics, Fudan
University, Shanghai 200433, China)
2) (Shanghai Research Center for Quantum Sciences, Shanghai 201315, China)

E-mail: wangyhv@fudan.edu.cn

Abstract

Magnetic dynamics of correlated quantum materials are typically on the
picosecond timescale. A direct and sensitive ultrafast magnetic probe that is capable of
distinguishing the spin degree of freedom from the lattice and charge contributions is
very important to these studies. In this talk, I will report our effort in developing time-
resolved optical probes as well as scanning superconducting quantum interference
device microscopy toward this end. I will give some preliminary result on our study of
magnetic topological materials.

Keywords : ultrafast magnetic imaging, superconducting device
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Developping novel 4D electron microscopy to explore hidden

states in quantum materials
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E-mail: xwfu@nankai.edu.cn

Abstract

Four-dimensional electron microscopy (4D-EM), which enables the direct
observation of transient structures, morphologies and carrier transport of materials in
real time and space, has attracted increasing interest to the research community due to
its powerful capability in the interdisciplines of physics, chemistry, material science,
and biology [1-3]. Here I will firstly give a brief introduction of 4D-EM and the state-
of-the-art of its applications. Then I will present our recent development of two-color
photon induced near field ultrafast electron microscopy, in which we introduced a
additional fs pump laser beam with different wavelength to timely gatethe ultrafast
electorn beam based a near feild assisted photon-electron coupling. By using this
photon gated electrons as a probe, we improved the temporal resolution by a factor of
ten for the current 4D-EM, and provide the first real space imaging of the dielectric
response of a sinlge VO2 nanowire during its insulator to metal phase transition at
nanometer and tens of femtoseconds time scale [4]. After that, I will talk about our
development of 4D Lorentz-phase imaging and the study of magnetization dynamics
and dynamical switching of magnetic vortices in ferromagnetic Permalloy disks [5]. In
addition to the in situ observation of the photon induced vortex switching process, we
also revealled a lot of hidden topological magnetic states in the symetric Permalloy
disks with ultrafast fs lasaer quenching. This wrok extends the application of 4D-EM
to the field of magnetization dynamics.

Keywords : 4D electron microscopy, photon-electron coupling, phase
transition ,magnetic vortex, magnetic switching
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Light-induced non-equilibrium phenomena in graphene

ZENG Changgan

Department of Physics, University of Science and Technology of China, Hefei,
Anhui 230026, China

E-mail: cgzeng@ustc.edu.cn

Abstract

A wide spectrum of intriguing non-equilibrium phenomena have been discovered
in optically driven quantum matters. In this talk, I will present our recent progresses on
light-induced non-equilibrium phenomena in monolayer graphene in three aspects, i.e,
construction of graphene superlattice by periodic optical gating [1], substantially
enhanced quantum coherence by introducing electron-plasmon coupling via light
illumination [2], and plasmon-assisted extraordinary transmission at the monolayer
limit [3]. Collectively, these findings help to shed new light on the exploitation of
emergent non-equilibrium physics in graphene and other 2D materials.

Keywords : graphene, optical gating, quantum coherence, extraordinary
transmittance
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Charge density wave, hidden quantum state and atomic

orders in layered 1T-MX>

H. Wang'?, K. Sun?, J.Lit, Z.A. Lit, H.F. Tian!, H.X. Yang*? and
J_Q Li1,2,3>2<
1) Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190 China.
2 )School of Physical Sciences, University of Chinese Academy of Sciences, Beijing
100049, China.
3)Songshan Lake Materials Laboratory, Dongguan, Guangdong, China

*Email: ljg@iphy.ac.cn

Abstract

Structural investigations and physical measurements on the layered transition-
metal dichalcogenide (TMDs) 1T-MX> materials revealed a series of remarkable
phenomena in correlation with structural transitions. Our study shows that notable
structural features, such as CDW, the atomic ordering and micro-twinning, can be
evidently introduced through chemical substitution in 1T-MX. It is demonstrated that
the Te substitution for S in 1T-TaS could destruct the CDW and yields an atomic order
of metallic ions. Moreover, substitution of metal atoms in 1T-MX; can result in clear
structural distortion with high-density twinning lamella. Several structural transitions
are mostly correlated with the alterations of superconductivity and other physical
properties [1-3].

A hidden (H) quantum state has been observed in 1T-TaS>.«Sex with x=0 and 0.5
crystals upon an excitation with a single fs-laser pulse[4-5]. In-situ cooling TEM
observations, initiated by a single fs-laser pumping with a low fluence, reveal a clear
transition from a commensurate CDW phase to a new CDW order with qu = (1-8)qc
for the H-CDW state (6=1/9) accompanied by an evident phase separation. An H-CDW
domain relaxation then occurs, yielding a stable metallic phase under a high-fluence
excitation. Furthermore, electrical resistivity measurements show that the notable drops
in x=0 and 0.5 samples associated with the appearance of H-CDW states. These results
potentially provide a new perspective on the photodoping mechanism for the emergence
of H-CDW states in the 1T-TaS»-xSex family [2-5].

Keywords: CDW, hidden quantum state, in-situ ultrafast TEM.
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Photoinduced multistage phase transitions in Ta:NiSes
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Lin!', T. C. Hu!, H. F. Tian®J. Q. Li?, T. Dong', and N. L. Wang'+

1) International Center for Quantum Materials, School of Physics, Peking
University, Beijing 100871, China
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3) Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
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4) Collaborative Innovation Center of Quantum Matter, Beijing, China

E-mail: wudong@sslab.org.cn

Abstract

Utrafast control of material physical properties represents a rapid developing field
in condensed matter physics. Yet, accessing to the long-lived photoinduced electronic
states is still in its early stage, especially with respect to an insulator to metal phase
transition. Here, by combing transport measurement with ultrashort photoexcitation and
coherent phonon spectroscopy, we report on photoinduced multistage phase transitions
in TaxNiSes. Upon excitation by weak pulse intensity, the system is triggered to a short-
lived state accompanied by a structural change. Further increasing the excitation
intensity beyond a threshold, a photoinduced steady new state is achieved where the
resistivity drops by more than four orders at temperature 50 K. This new state is
thermally stable up to at least 350 K and exhibits the lattice structure different from any
of the thermally accessible equilibrium states. Transmission electron microscopy
reveals an in-chain Ta atom displacement in the photoinduced new structure phase. We
also found that nano-sheet samples with the thickness less than the optical penetration
depth are required for attaining a complete transition.

Keywords : photoinduced phase transition, excitonic insulator, ultrafast optical
spectroscopy

Reference
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Temperature evolution of quasiparticle dispersion and
dynamics in semimetallic 1T-TiTez via high-resolution
angle-resolved photoemission spectroscopy and ultrafast

optical pump-probe spectroscopy

Zhu Shuangxing" Zhang Chen? Wu Qiyi" Tang Xiaofang? Liu Hao® Liu
Ziteng? Luo Yang! Song Jiaojiao? Wu Fanying! Zhao Yinzou! Liu
Shuyu! Le Tian? Lu Xin® Ma He® Liu Kaihui® Yuan Yahua" Huang

Han" He Jun? Liu Haiyun® Duan Yuxia!’ Meng Jiangiao!>
1) (School of Physics and Electronics, Central South University, Changsha
410083, Hunan, China)
2) (Center for Correlated Matter and Department of Physics, Zhejiang University,
Hangzhou 310058, China)

3) (State Key Laboratory for Mesoscopic Physics, Collaborative Innovation Center of
Quantum Matter, School of Physics, Peking University, Beijing 100871, China)

4) (Beijing Academy of Quantum Information Sciences, Beijing 100085, China)

5) (Synergetic Innovation Center for Quantum Effects and Applications (SICQEA),
Hunan Normal University, Changsha 410081, China)

E-mail: jgmeng@csu.edu.com

Abstract

High-resolution angle-resolved photoemission spectroscopy and ultrafast optical
pump-probe spectroscopy were used to study semimetallic 1T -TiTe> quasiparticle
dispersion and dynamics. A kink and a flat band, having the same energy scale and
temperature-dependent behaviors along the I'-M direction, were detected. Both
manifested at low temperatures but blurred as temperature increased. The kink was
formed by an electron-phonon coupling. And the localized flat band might be closely
related to an electron-phonon coupling. Ultrafast optical spectroscopy identified
multiple distinct time scales in the 10-300 K range. Quantitative analysis of the fastest
decay process evidenced a significant lifetime temperature dependence at high
temperatures, while this starts to change slowly below ~100 K where an anomalous
Hall coefficient occurred. At low temperature, a coherent Aj; phonon mode with a
frequency of ~4.36 THz was extracted. Frequency temperature dependence suggests
that phonon hardening occurs as temperature falls and anharmonic effects can explain
it. Frequency fluence dependence indicates that the phonons soften as fluence increases.

Keywords : ultrafast, iron-based superconductor, phonon
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Manipulating quantum states by photoexcitation

Sheng Meng

Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
E-mail: smeng@iphy.ac.cn

Abstract

Photoexcitation is a powerful means in distinguishing different interactions and
manipulating the states of matter, especially in complex quantum systems. Here we
demonstrate photoexcitation induced ultrafast dynamics in quantum materials using
time-dependent density functional theory molecular dynamics. In particular, we
discover a novel mechanism which involves self-amplified exciton-phonon dynamics
for the formation of charge density wave (CDW), and we predict a new collective mode
induced by photoexcitation which is significantly different from thermally-induced
phonon mode. We will also discuss photoinduced electronic phases in other two-
dimensional materials such as black phosphorus and Weyl semimetal WTe;. Our results
provide insights from a new perspective on the coherent electron and lattice quantum
dynamics in materials upon photoexcitation.

References:
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The time-dependent Lanczos method in the investigations of
nonequilibrium dynamics of low-dimensional correlated

systmes

LU Hantao

School of Physical Science and Technology, Lanzhou University, Lanzhou
730000, China

E-mail: luht@]lzu.edu.cn

Abstract

An exact numerical method, i.e., the time-dependent Lanczos method based on the
exact diagonalization, is presented for investigating the nonequilibrium phenomena in
low-dimensional correlated systems. As a demonstration, several applications to the
one-dimensional extended Hubbard model are discussed, including the calculation of
the time-resolved optical conductivity and single-particle spectrum, the photoinduced
orders of the charge-density wave and the bond-ordered wave, and finally, the charge
carrier dynamics in doped case.

Keywords: exact diagonalization, time-dependent Lanczos, one-dimensional

Hubbard model, nonequilibrium dynamics
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Subterahertz collective dynamics of ferroelectric polar

vortices

Qian Li (& )

State Key Laboratory of New Ceramics and Fine Processing, School of Materials
Science and Engineering, Tsinghua University, Beijing 10084

E-mail: gianli_mse@tsinghua.edu.cn

Abstract

The recent discovery of polar vortices in PbTiO3/SrTiOz (PTO/STO) thin-film
superlattices opens up exciting opportunities to explore the structure and emergent
dynamics of complex topological states of ferroelectric dipoles and potentially leads to
novel electronic functionalities. Ultrafast electric fields in the form of THz laser pulses
can couple with the polar vortices via dipole interaction, providing a well-defined, easy-
to-model external control knob for studying the ultrafast structural dynamics of this
system. We have performed a THz-pump, ultrafast X-ray diffraction probe (<100 fs
temporal-resolution) study of the PTO/STO superlattice based on the hard X-ray free-
electron laser at the Linac Coherent Light Source. We have observed a set of collective
lattice excitations of the polar vortices and identified a novel low-energy soft vortex
mode with large field tunabilities. These observations are well corroborated by the
newly developed multiscale dynamical modeling based on first-principles derived
atomistic potentials and Landau-Ginzburg-Devonshire phenomenological theory. In
this talk, I will also give a brief introduction about structural dynamics studies based on
scattering methods.
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MeV ultrafast electron diffracton
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Abstract

Historically particle accelerators are instrumental for high energy physics
(accelerator based colliders) and photon science (accelerator based synchrotron light
sources and free-electron lasers). Now there is growing interest in applying accelerator
technology to solve the grand challenges in probing matter at ultrafast temporal and
ultrasmall spatial scales. In this talk I will discuss how one can use MeV electrons
produced in accelerators (e.g. photocathode radio-frequency guns) to study ultrafast
dynamics at atomic scale through ultrafast electron diffraction (UED) technique. I'll
focus on the principles and applications of UED. I will also report on the status of a
state-of-the-art MeV UED facility at Shanghai Jiao Tong University (SJTU) which has
achieved 50 fs (FWHM) resolution using the so-called double-bend achromat bunch
compressor technique. The facility is expected to provide access to new sciences by
producing kHz rep-rate ultrafast and ultrabright electron beams that will give
researchers unparalleled power and precision in examining the fundamental nature of
matter.

Keywords : Ultrafast electron diffraction, accelerator, melting, phase transition,
molecular dynamics

Reference
[1] F. Qi et al., Breaking 50 femtosecond resolution barrier in MeV ultrafast electron diffraction

with a double bend achromat compressor, Physical Review Letters, 124, 134803 (2020).

[2] L. Zhao et al., Femtosecond Relativistic Electron Beam with Reduced Timing Jitter from THz
Driven Beam Compression, Physical Review Letters, 124, 054802 (2020).

[3] L. Zhao et al., Terahertz Oscilloscope for Recording Time Information of Ultrashort Electron
Beams, Physical Review Letters, 122, 144801 (2019).

[4] L. Zhao et al., Terahertz Streaking of Few-Femtosecond Relativistic Electron Beams,
Physical Review X, 8, 021061 (2018).

17


mailto:dxiang@sjtu.edu.cn

ET MR RRIEFEIIR

Optical manipulation of electronic dimensionality in a

guantum material

Wentao Zhang
1) (School of Physics and Astronomy, Shanghai Jiao Tong University)

E-mail: wentaozhang@sjtu.edu.cn

Abstract

Exotic phenomenon can be achieved in quantum materials by confining electronic
states into two dimensions. For example, relativistic fermions are realised in a single
layer of carbon atoms, the quantized Hall effect can result from two-dimensional (2D)
systems, and the superconducting transition temperature can be enhanced significantly
in a one-atomic-layer material. Ordinarily, 2D electronic system can be obtained by
exfoliating the layered materials, growing monolayer materials on substrates, or
establishing interfaces between different materials. Herein, we use femtosecond
infrared laser pulses to invert the periodic lattice distortion sectionally in a three-
dimensional (3D) charge density wave material, creating macroscopic domain walls of
transient 2D ordered electronic states with exotic properties. The corresponding
ultrafast electronic and lattice dynamics are captured by time- and angle-resolved
photoemission spectroscopy and MeV ultrafast electron diffraction. Surprisingly, a
novel energy gap state, which might be a signature of light-induced superconductivity,
is identified in the photoinduced 2D domain wall near the surface. Such optical
modulation of atomic motion is a new path to realise 2D electronic states and will be a
new platform for creating novel phases in quantum materials.

Keywords : trARPES, CDW, superconductivity, 2D electronic state, domain
wall
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Abstract

The drive to produce smaller, denser, and higher frequency electronics has culminated
in the need for completely understanding and controlling thermal transport in devices
at the nanometer scale. Here, we studied the thermal transport across a GaAs/AlGaAs
interface using time-resolved Reflection High Energy Electron Diffraction. The lattice
temperature change of the GaAs nanofilm was directly monitored and numerically
simulated using diffusive heat equations based on Fourier’s Law. The extracted thermal
boundary resistances (TBRs) were found to decrease with increasing lattice temperature
imbalance across the interface. The TBRs were found to agree well with the Diffuse
Mismatch Model in the diffusive transport region, but showed evidence of further
decrease at temperatures higher than Debye temperature, opening up questions about
the mechanisms governing heat transfer at interfaces between very similar
semiconductor nanoscale materials under highly non-equilibrium conditions.

Keywords : thermal transport, nanofilm, ultrafast electron diffraction, pump and
probe experiment
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Abstract

Collective modes of the superconducting order parameter have been predicted decades
ago. However, their experimental observation has been hampered by the absence of
charge and magnetic dipole moments of these modes in general. Recently, time-
resolved nonlinear THz techniques unveiled these modes for the first time [1]. However,
a full spectroscopic characterization of these modes is still being anticipated in order to
provide insights into various forms of superconductivity in a manner similar to phonon
spectroscopy. In the context of the superconducting Higgs (amplitude) mode, we
realized a novel way of extracting spectroscopic information using phase-resolved third
harmonic generation [2]. With this technique, we discovered a new collective mode
distinct from the heavily damped Higgs mode in different families of cuprates. We
discuss the origin of this mode and characterize its interplay with the Higgs mode. In
addition, our technique also reveals a finite pairing amplitude above 7.

Keywords: Higgs mode, high-Tc superconductors, cuprates, nonlinear optics,
THz high harmonic generation
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driven by tunable THz pulse
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Abstract

The superconducting state can be described by a complex order parameter with
spontaneously broken U(1) gauge symmetry, whose free energy is given by the
Mexican-hat-like potential. The Higgs mode corresponds to the amplitude oscillation
of the order parameter, while the phase mode corresponds to the longitudinal fluctuation
of the order parameter. The latter is pushed up to the plasma frequency by the Anderson-
Higgs mechanism. However, the presence of two SC gaps in the two bands of MgB:
introduces a new phase mode, which is the out-of-phase mode between the two
components of the gap function, called the Leggett mode. The energy scale of the
Leggett mode is determined by the values of the two superconducting gaps and the
coupling strength between them. Since both Higgs and Leggett modes do not carry
charge or spin, they normally cannot be probed directly using linear spectroscopy.
Recently, instead of linear spectroscopy the THz pump-probe and nonlinear THz
transmission spectroscopy (third harmonic generation, THG) provided new routes to
access the Higgs mode directly in a single-band superconductor NbN. Here we report
on time-resolved linear and nonlinear terahertz spectroscopy of the two-band
superconductor MgB2 with the superconducting transition temperature Tc =36 K. THG
is observed below Tc by driving the system with intense narrowband THz pulses. For
the pump-pulse frequencies f= 0.3, 0.4, and 0.5 THz, temperature-dependent evolution
of'the THG signals exhibits a resonance maximum at the temperature where 2 £f=2A(T),
for the dirty-limit superconducting gap 2A-= 1.03 THz at 4 K. In contrast, for f = 0.6
and 0.7 THz with 2 f> 2Ax, the THG intensity increases monotonically with decreasing
temperature. Moreover, for 2 f <2A~the THG is found nearly isotropic with respect to
the pump-pulse polarization. These results suggest the predominant contribution of the
driven Higgs amplitude mode of the dirty-limit gap, pointing to the importance of
scattering for observation of the Higgs mode in superconductors.
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Abstract

Within a gauge-invariant kinetic theory, we study the electromagnetic response
of superconducting states. For the s-wave case, we predict that the normal fluid is
present only when the superconducting velocity is larger than a threshold. Then, it is
interesting to find there exists friction between the superfluid and normal-fluid
currents. Part of the superfluid becomes viscous due to this friction. Therefore, a
three-fluid model, normal fluid and nonviscous and viscous superfluids, is proposed
to capture electromagnetic properties. Responses of both collective Nambu-Goldstone
and Higgs modes are also studied. Particularly, the second-order response exhibits
interesting physics. On one hand, a finite second-order response of the Higgs mode is
obtained. We reveal that this response is attributed solely to drive effect rather than
the widely considered Anderson-pump effect. On the other hand, the second-order
response of the Nambu-Goldstone mode, free from the influence of Anderson-Higgs
mechanism, is predicted. Finally, by applying the gauge-invariant kinetic theory in d-
wave superconductors, we analytically derive the energy spectra of the breathing
Higgs mode and the rotating Higgs mode that is unique for d-wave order parameter.
The dynamic properties of both Higgs modes, including the optical and magnetic
responses as well as the negative thermal Hall signal are studied.

Keywords: nonequilibrium superconductivity, electromagnetic properties of
superconductors, collective excitations in superconductors, gauge invariance
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Abstract

This talk is concerned with the Dissipaton Equation of Motion (DEOM) theory for
correlated system and hybrid environments that constitute statistical quasi-particles [1].
DEOM has exploited in elucidating complex Fano interferences and transport current
noise spectrum, directly related to the hybrid environments dynamics [2]. As a versatile
impurity solver [3], DEOM enables accurate evaluations on various strong correlation
problems. These include the transient Kondo dynamics, steady-states and
thermodynamics properties of model open quantum systems [4,5]. I will also present
the first-principles studies on some realist molecular spintronic systems, with
combining the DEOM dynamics and electronic structure methods [6].
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Abstract

Dissipative dynamics of a quantum system under the influence of surrounding
environment is a fundamental yet long-standing problem. It has profound implication
in many fields of physics, chemistry and biology. Particularly, various fascinating
phenomena emerge in the low-temperature and strong-coupling regime, where the
environmental thermal fluctuations are greatly suppressed, and thus the quantum
features (such as quantum coherence and quantum correlation) become prominent.
However, it is extremely difficult to access the low-temperature and strong-coupling
regime with conventional quantum statistical mechanics theories.

In this talk, I will report some of our recent progress in tackling the above
formidable challenge. These include a series of advancements for the hierarchical
equations of motion (HEOM) method [1,2], and the development of a practical
stochastic equation of motion (SEOM) for fermionic environments [3,4]. These efforts
have resulted in unprecedented accuracy, efficiency, and applicability for the numerical
simulation of quantum dissipative dynamics in the low-temperature and strong-
coupling regime.

Keywords: open quantum systems, quantum dissipation, strong electron
correlation, non-Markovian effect
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Abstract

In this talk, I will talk about a new theoretical approach to non-equilibrium problem
in many-body systems. By combining a decoupling transformation and the Gaussian
variational ansatz, the in and out-of equilibrium physics in many-body systems are
explored. This approach have been applied to study the long-term dynamical crossover
in Kondo systems, the Anderson-Holstein model under ultrafast THz pulse, and the
dynamical confinement-deconfinement transition in lattice gauge theories. For the short
time evolution, the result agrees with that from DMRG very well. A rich variety of
physics are predicted by our method in the long-term evolution, which is difficult to
study by the present numerical methods.
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Abstract

Magnetic topological insulators in the family of MnBiTes/(Bi2Te3)m have attracted
extensive research interests because of the coexistence of topological properties and
magnetism. Experimental observation and engineering of the electronic properties are
fundamental. Here by using angle-resolved photoemission spectroscopy with
micrometerscale spot and ultrafast time-resolving capability (u-TrARPES), we reveal
the electronic structures of different termination surfaces with spatial resolving
capability and report the light-tunable interlayer interaction.

Keywords: Magnetic topological insulator, MnBiTes/(Bi>Tez)m, TrARPES, p-
TrARPES
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Abstract

We perform angle-resolved transient reflection spectroscopy to study the
dynamical evolution of anisotropic properties of Type-II Weyl semimetal TalrTe4 under
photo excitation. The dynamical relaxation of photoexcited carriers exhibits three
exponential decay components relating to optical/acoustic phonon cooling and
subsequent heat transfer to the substrate. The angle resolved measurement reveals that
the anisotropy of reflectivity is reduced in the pump induced quasi-equilibrium state,
suggestinga reduction of the anisotropy in dynamical conductivity in hot carrier
dominated regime.Such anisotropic response is very similar to its two-dimensional
layered counterparts, black phosphorus(BP) while the anisotropy of BP is enhanced in
hot carrier dominated regime. These results are indispensable in designing high field,
angle sensitive electronic, optoelectronic and remote sensing devices exploiting the
dynamical electronic anisotropy.
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Abstract

As a newly emergent type-II Dirac semimetal, Platinum Telluride (PtTe) stands
out from other 2D noble transition-metal dichalcogenides (TMDCs) for the unique band
structure and novel physical properties, and has been studied extensively. However, the
ultrafast response of low energy quasiparticle excitation in THz frequency remains
nearly unexplored yet. In this study, we employ optical pump-THz probe spectroscopy
to systematically study the photocarrier dynamics of PtTe; thin films with varying pump
fluence, temperature, and film thickness. Upon photoexcitation the THz
photoconductivity (PC) of PtTe; films show abrupt increase initially, while the THz PC
changes into negative value in a subpicosecond time scale, followed by a prolonged
recovery process that lasted a few ns. The magnitude of both positive and negative THz
PC response shows strongly pump fluence dependence. We assign the unusual negative
THz PC to the formation of small polaron due to the strong electron-phonon (e-ph)
coupling, which is further substantiated by temperature and film thickness dependent
measurements. Moreover, our investigations give a subpicosecond time scale of
sequential carrier cooling and polaron formation. In addition, our experimental study
demonstrates that the photoexcited generation of small polariton is a general
phenomenon in topological semimetal with layered structure. We have also observed
the formation of small polaron in a Tq phase MoTe: (type II Weyl semimetal) film after
photoexcitation at low temperature, while the formation of polaron is absent in the 1T’
phase of MoTe;. Our study provides deep insights into the underlying dynamics
evolution mechanisms of photocarrier in type-Il Dirac/Weyl semimetal upon
photoexcitation, which is crucial importance for designing PtTe>-based optoelectronic
devices.
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Figure 1. The transient THz transmission of 20 nm PtTe; film at room temperature (a), and 12 nm
MoTe; film (b) under 780 nm pump at room temperature (red) and 5 K (black)
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Abstract

Generation and arbitrary manipulation of spin-polarized terahertz (THz) waves at
the source through employing the spin properties of electrons not only manifests its
appealing fundamental physics in light-matter interaction, but also providing powerful
tools for investigating ultrafast THz spintronic dynamics and enabling promising
applications such as THz circular dichroism spectroscopy, polarization-sensitive
imaging and wireless communication. However, up to now, there are few researches on
the generation of chiral THz electromagnetic waves by means of electron spin
properties. This talk will present several recent progresses on generation and
manipulation of chiral THz waves from topological insulators and their ferromagnetic
heterostructure driven by femtosecond laser pulses. Through manipulating the pump
laser polarization, sample azimuthal angle, external applied magnetic field direction,
the radiated THz chirality and ellipiticity can be flexibly controlled. After
comprehensive analysis of these phenomena, we attribute the chiral THz wave
generation and manipulation mechanism to the engineering capability of femtosecond
pulse induced photogalvanic effects and spin-to-charge conversion. Application
demonstration of THz circular dichroism spectroscopy is conducted on several
biomaterials, further verifying the usage feasibility of nano-film based chiral THz
sources.

Keywords: Chiral THz wave, generation, manipulation, electron spin,
topological insulator
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Abstract

Antiferromagnets (AFMs) have the potentials for high-speed processing in the
terahertz (THz) range [1-3]. However, the application of the AFM is still facing heavy
predicaments because of its insensitivity to external magnetic perturbation and
difficulty in detection. An efficient technique to manipulate the antiferromagnetic order
is the optical stimulus [4,5]. Unlike mild traditional approaches, e.g., external magnetic
field or electrical currents, perturbation of phonons is always more dramatic. The
microscopic mechanism can be phenomenologically represented as an effective
magnetic field and therefore magneto-optics (MO) is an efficient probe of the
nonequilibrium state. Besides, THz emission spectroscopy is also an appealing
technique to probe spin dynamics [6], since ultrafast laser pulses induce transients in
the sub-picosecond timescale and the resonant frequency of magnon in AFM usually
extends to THz range. Here, we report the generation of ultrafast spin current in an
AFM/HM heterostructure at zero external magnetic fields detected with THz emission
spectroscopy. The THz emission is based on the inverse spin Hall effect (ISHE) in the
HM layer. The THz emission sensitively depends on the sample azimuth and the
distribution of the spin domains. To the best of our knowledge, it is the first time to
observe the generation of spin currents from an antiferromagnet and our results possibly
open a new avenue for fundamental research of AFM opto-spintronics.
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Abstract

Terahertz (THz) emission covering the energy range of ~4 meV to 40 meV (1-10
THz) is of critical importance for quantum materials, because many resonant responses,
including optical phonons, quasi-particle scattering and antiferromagnetic spin-wave
gaps, all lie in this spectral range. The generation and manipulation of the circularly
polarized THz radiation is essential for characterizing the magnetic properties and
handedness of quantum materials. However, it has been a great challange, because of
the lack of suitable polarzation control optics for THz waves. In this work, we
demonstrate a broadband THz emitter established on the novel spintronic devices, in
combination with metamaterial structures. Our method enables high flexibility and
tunability of the circularity and handedness of the broadband THz radiation. The THz
emission is driven by an ultrafast Yb laser, enabled by the efficient pulse compression
under the solitary beam propagation in a nonlinear resonator. Our approach can be
broadly applied to novel Yb ultrafast lasers for generating THz radiation with tunable
polarizations, which exhibit advantages of high power scaling and high flexibility. This
will open new possibilities for ultrafast circular dichroism spectroscopies on quantum
materials.

Keywords : THz radiation, spintronics, ultrashort pulse compression
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Abstract

Hybrid organic-inorganic perovskites have demonstrated potential applications in
optoelectronic devices, such as solar cells, light emitting diodes and high energy radiation detectors. In
addition, the strong spin-orbit coupling in these materials can be exploited for spintronic applications.
However, direct probes of optical properties and spin dynamics in these materials are still at an early
stage. In this work, we investigate the temperature dependence of the bandgap and coherent spin
dynamics in two representative perovskites, that is, MA(3FA¢7Pbls (pure Pb) and
MA3FAp7PbosSng sI3 (mixed Pb-Sn), where MA=CH3NH; and FA= (NH,), CH. Using both
photoluminescence and optical transmittance spectra, we find that the bandgap of the mixed Pb-Sn
sample exhibits an unusually large blue shift by raising the temperature from 10 to 340 K. By contrast,
the pure Pb sample shows nonmonotonic and small bandgap shift with temperature. We demonstrate
optical orientation and detection of spin polarization and spin coherence in both materials. Time-
resolved Faraday rotation measurements reveal long spin lifetimes of electrons and holes and
dephasing of spin polarization in the presence an applied magnetic field due to inhomogeneous

broadening of the g-factors.

Keywords: hybrid organic-inorganic perovskites, optical properties, spin dynamics
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transient magneto-optical spectroscopy
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Abstract

Singlet fission occurs in organic molecular systems with the energy of singlet state
about twice of triplet state (Esi~2Et1) by converting a singlet exciton (Si) into two free
triplets (T1+T1). Such a process holds the potential to overcome the Shockley-Queisser
efficiency limit of single-junction solar cells. The state of correlated triplet pair (TT)
with different spatial separation, i.e., two triplets with spin coherence retained, has been
considered as the key intermediate for singlet fission process. Neverthless, it has been
chanllenging to experimentally distinguish these TT from T, state. By using transient
magneto-optical spectroscopic methods, we show that the different TT states can be
identified by using the transitient magneto-optical spectroscopy considering the
different exchange interaction. We show that free-triplet generation can be significantly
enhanced through the SF pathway that involves the spatially separated (T...T) state in
tetracene oligmers rather than the pathway mediated by the spatially adjacent TT state,
leading to a marked improvement in free triplet generation with an efficiency increase
from 21% for the dimer to 85% (124%) for the trimer (tetramer).

Keywords : Singlet fission, correlated triplet pairs, transient magneto-optical
spectroscopy
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Abstract

The valley exciton dynamics in two-dimensional transition metal dichalcogenides
(TMDs) is crucial for the spin-valleytronics. However, a real-time ab initio method for
the spin-resolved exciton dynamics is still missing. Here we develop an ab initio
nonadiabatic molecular dynamics (NAMD) method based on G plus real-time Bethe-
Salpeter equation (GW+rtBSE-NAMD) for the spin-resolved exciton dynamics. From
investigations on MoS;, we provide a comprehensive picture of spin-valley exciton
dynamics where the electron-phonon (e-ph) scattering, spin-orbit interaction (SOI) and
electron-hole (e-4) interactions come into play collectively. Especially, we provide a
direct evidence that e-h exchange interaction plays a dominant role in the fast valley
depolarization within few picoseconds in excellent agreement with experiments.
Moreover, there are bright-to-dark exciton transitions induced by e-ph scattering and
SOL. Our study proves that e-4 many-body effects are essential to understand the spin-
valley exciton dynamics in TMDs and the newly developed GW=+rtBSE-NAMD
method provides a powerful tool for exciton dynamics in extended systems with time,
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space, momentum, energy and spin resolution.
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Abstract

Terahertz (THz) generally refers to sub-millimeter electromagnetic waves with
frequencies between 10'! and 10'* Hz. Benefit from its excellent spectral performance,
terahertz-related technology possesses great application potential in fields of
communication, sensing, national security, and especially fundamental research. Here,
we will briefly introduce our recent works on the THz spectroscopy studies of two
dimensional materials.

Afterwards, studies of mechanical THz modulation effect and possible THz
emission in 2D materials will be presented. For the first work, a device prototype based
on single-layered graphene is constructed and systematically studied and presents
excellent modulation effect. For the second work, a phonon related THz oscillation in
a ferromagnetic 2D materials was discovered.

Keywords : THz-TDS, two-dimensional materials, thin films, THz modulation,
THz emission.
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Abstract

Two-dimensional antiferromagnetism (2D AFM) plays an essential role in various
correlated phenomena. In contrast to ferromagnetism, direct optical probing of the AFM
order parameter in atomically thin samples is challenging, e.g. via magneto-optical
spectroscopy, due to the lack of net magnetization. Here, we report zigzag-AFM
induced optical linear dichroism (LD) in layered transition-metal thiophosphates MPS;
(M=Fe, Ni). The observed LD is giant, at least one order of magnitude larger than those
reported in other antiferromagnetic systems. We further revealed ultrafast AFM
dynamics and critical slowing down behaviors in this system via ultrafast polarimetry
measurements. We will also introduce our recent observation of anisotropic excitons
strongly coupled to the zigzag antiferromagnetic order, as well as exciton-phonon
bound states.

Our findings point to a new optical approach for the investigation and control of
zigzag or stripe magnetic order in strongly correlated systems, and establishes MPS3 as
a new 2D platform for exploring 2D antiferromagnetism with strong correlations, as
well as a building block for 2D heterostructures for engineering physical phenomena
with time reversal symmetry breaking.

Keywords : 2D antiferromagnetism, spin-lattice coupling, excitons
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Abstract

Two-dimensional coherent spectroscopy (2DCS) is a powerful experimental
technique that probes the nonlinear optical response of materials. In essence, the
traditional “1D” spectroscopy, which measures the linear response, reveals the
excitations in a system, whereas the 2DCS unveils the interplay between these
excitations. The 2DCS in the infrared frequency range has been widely used in
chemistry and biology to unravel the complex structure of molecules. The advent of
terahertz 2DCS makes it now possible to apply this technique to solid state systems and,
in particular, strongly correlated electronic systems. In this talk, I will give an
exposition to the basic concepts of the 2DCS and demonstrate theoretically its potential
utilities in quantum spin systems. Specifically, I will show that the 2DCS can resolve
the “spinon continuum” from the gapped fractional excitations. For the Luttinger spin
liquid, the 2DCS can directly reveal the coherent propagation of the fractional
excitations. Finally, I will briefly discuss some of the challenges in the development of
2DCS theory.
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