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Figure 1 (Color online) (a) Schematics showing the sHHG process of high-pressure superconductor Im-3m H;S. (b), (c) The sHHG spectra of Im-3m
H;S for photon energies of (b) 0.4 eV and (c) 2.0 eV as a function of the field amplitude F). (d) The time-frequency spectrograms of sHHG in H;S with
2.0 eV photon energy. (¢) The band structure of H;S along the I'-H and I'-N directions. The gray lines are the DFT results, while the red and blue
dashed lines represent the 2nd and 3rd valence bands retrieved from the sHHG spectra. (f) The distributions of band and mode-resolved electron-
phonon coupling matrix elements g; along the I'-H direction. Pictures are taken from ref. [61] with permission.
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TAPHEAMGRELGETORIBEA TR, f  SWCNs), RHmHES. @it B EML AR E S
BAFIRN T A A 1R A AL DU, MO ) 7 RS, IR TER A,
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Figure 2 (Color online) (a), (b) Time-frequency analysis of microscopic currents in (10, 0) and (6, 6) SWCNs under strong-field illumination. The
black line in each panel represents the laser waveform, which reaches its maximum strength at # = 15 fs. (c), (d) Energy distributions of the excited
electrons (red) and holes (blue) in (10, 0) and (6, 6) SWCNSs under different optical field intensities. The spatially resolved Kohn-Sham potentials are
shown in the right panels. The gray solid lines represent the density of states distributions for the two types of SWCNs. The blue arrows indicate the
highest occupied states of the excited hole, and the red arrows show the dominant localized states of the excited electrons. Pictures are taken from ref.

[62] with permission.
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Figure 3 (Color online) (a) Atomic structure of initial (2H), intermediate (ZH*), and final (177) states of 1L-MoTe,. (b) Atomic displacements of 1L-
MoTe, under strong laser field excitation (2.07 mJ cmfz). (c) Transient atomic displacements projected onto vibrational eigenmodes. (d) Left:
Schematic of carrier excitation in 2H-MoTe, under different laser photon energies. Right: Atomic forces projected onto vibrational eigenmodes under
photoexcitation and thermal equilibrium conditions. Pictures are taken from ref. [65] with permission.
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Figure 4 (Color online) (a) Phonon dispersion of the unit cell of monolayer TiSe,. (b) Projected vibrational amplitude of M;, M,, and M; phonon
modes driven by the ultrafast laser pulse (gray curve). The inset shows the momentum space distribution of the excited electrons after the laser pulse.
(c) Schematic illustration of the chiral phase transition driven by circularly polarized light in TiSe,. When circularly polarized light propagates along
the out-of-plane direction of the material, different layers experience electric fields with varying directions due to the phase shift of the laser between
layers. (d) The dependence of both the charge density wave order and thermodynamic stability on the excitation intensity. Pictures are taken from ref.

[66] with permission.
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Figure 5 (Color online) (a) Crystal structure of Ta,NiSes. (b) Real-time positions of two adjacent Ta chains along the a-axis. The arrows indicate the
times of the lattice order parameter (OP) reversal. (c) Band structure of the transient metallic state. (d) Schematic of the photoinduced ultrafast exciton-
phonon dynamics in Ta,NiSes. The electron-hole, electron-phonon, and phonon-phonon interactions are abbreviated as e-h, e-p, and p-p, respectively.
Pictures are taken from ref. [77] with permission.
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Figure 6 (Color online) (a) Schematic illustration of phonon-mediated intervalley scattering upon photoexcitation. The momentum compensation is
provided by the longitudinal acoustic phonon [LA(M)] at the M point of the Brillouin zone boundary. (b) Dynamical distribution of carriers in
momentum space. (¢) Modulation of electron transition rate by tuning phonon amplitude. (d) Down-conversion decay channel of 4, phonon into a pair

of LA(M) phonons. Pictures are taken from ref. [78] with permission.
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Figure 7 (Color online) (a) Potential energy surface for polaron transport in the equilibrium state. (b) Time-dependent phonon excitation strength and
the eigenvectors of three dominant modes. (c) Linear dependence of E}; on the stretching length of ODs bonds. (d) Exponential increase of electron
mobility (1) with varying laser amplitude E. Pictures are taken from ref. [80] with permission.
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Figure 8 (Color online) (a) Three-stage ultrafast demagnetization dynamics in monolayer FGT. (b) Changes in the magnetic dynamics during the
second and third stages for different lattice vibrations: only coherent 4,, modes, only in-plane phonons, and all phonon modes. (c) Temporal evolution
of the total and x-, y-, and z-components of the transient magnetization at a photon energy of 1.5 eV for the weak (1.71 mJ cmfz) and strong
(1.93 mJ cm_z) excitation intensities. Pictures are taken from ref. [86] with permission.
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Quasiparticles are fundamental in describing the complex many-body interactions underlying single-particle excitations,
playing a key role in understanding the macroscopic properties of quantum materials. Recent advancements in ultrafast
laser technology, combined with various detection methods, have enabled precise monitoring and manipulation of
quantum states and their dynamic processes. These developments not only enhance our comprehension of quasiparticle
excitation mechanisms but also facilitate driving materials into non-equilibrium states, uncovering novel physical
phenomena and advancing the design and application of innovative functional materials. The computational approach
based on real-time time-dependent density functional theory (rt-TDDFT) transcends the limitations of linear response
theory, enabling first-principles simulations of the dynamic response of strongly coupled quasiparticles under non-
equilibrium conditions. The proposed method provides accurate predictions of highly nonlinear phenomena induced by
strong laser fields, offering deeper insights into the underlying physical mechanisms. These theoretical insights are
crucial for optimizing the performance of optoelectronic devices. This paper introduces the theoretical foundations of
Ehrenfest dynamics within the framework of rt-TDDFT and presents case studies on the evolution of various
quasiparticles under laser excitation. The results demonstrate the significant potential of ultrafast lasers for probing and
controlling the properties of quantum materials, while also underscoring the vital role of dynamic simulations for
studying non-equilibrium states and their time-domain characteristics.

quasiparticles, time-dependent density functional theory (TDDFT), quantum material property control
PACS: 71.38.-k, 78.47.-p, 63.20.kd, 42.50.Hz, 71.15.Qe

doi: 10.1360/SSPMA-2024-0346

214204-19


https://doi.org/10.1103/PhysRevB.105.085142
https://doi.org/10.1103/PhysRevLett.130.166401
https://doi.org/10.1038/nphys2250
http://arxiv.org/abs/1107.3128
https://doi.org/10.1103/PhysRevLett.90.086402
http://arxiv.org/abs/cond-mat/0207419
https://doi.org/10.1126/sciadv.add2392
https://doi.org/10.1126/sciadv.abd9275
http://arxiv.org/abs/2003.04059
https://doi.org/10.1103/PhysRevLett.125.017202
https://doi.org/10.3390/computation4030034
https://doi.org/10.1103/PhysRevB.72.035308
http://arxiv.org/abs/cond-mat/0502391
https://doi.org/10.1360/SSPMA-2024-0346

	部分典型量子材料中准粒子超快动力学的第一性原理研究
	� �� 引言�
	� �� 基于rt-TDDFT的Ehrenfest动力学方法�
	� �� 准粒子超快动力学的实时跟踪及调控�
	� .1�� 高次谐波产生与超快光电子发射�
	� .2�� 光致相变�
	� .3�� 激子态的淬灭及转移�
	� .4�� 激光加速极化子传输�
	� .5�� 铁磁体中的超快退磁�

	� .�� 总结�


