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Fig. 1. Schematic diagram of a typical ultrafast optical pump-optical probe setupl'!l.
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Fig. 2. The ultrafast dynamics in Bi,Ses: (al), (a2) Transient reflectivity AR/R at hv = 1.55 eV and the fast Fourier transform
spectra of the oscillations¥; (b) schematic of the surface and bulk band structures and the mid-infrared/terahertz pump-terahertz
probe schemel*!; (c), (d) terahertz conductivity as a function of time at 5 K and 300 K with probe photon energies of 2, 5, and
7 meV. At low temperature, the relaxation of surface-state quasiparticles is faster than that of bulk-state ones; at high temperature,

stronger coupling results in identical relaxation times!*!.
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Fig. 3. The spin dynamics in Bi,Ses: (a) Time evolution of the magneto-optical Kerr angle at different photon energies and temper-

atures®); (b) triple-exponential fits corresponding to relaxation in surface states (75 ), bulk states (7 ), and the transfer from the

surface states to the bulk states ( 7y )?; (c) schematic diagram of ultrafast relaxation of surface charge and spin under circularly

polarized excitation27,
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Fig. 4. Ultrafast dynamics of MnBiyTe, crystal®): (a), (b) Transient reflectivity AR/R and fits; (c), (d) temperature dependence

of relaxation time 71 and Tiong coherent phonon frequency; (e) extracted oscillation at 10 K (black) and the fitted curve (red) us-

g

ing damped harmonic oscillators, and the three oscillation components with different frequencies derived from the fitting;

(f) temperature dependence of A%g coherent phonon frequency( f1 ).
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Fig. 5. Ultrafast dynamics in Euln,As,: (a) Transient reflectivity AR/R at low temperatures and temperature dependence of amp-

litude A; , showing a sign reversal near Ty 7; (b) temperature-dependent magnon modes from reflectivity measurements!

97)

(c) magneto-optical Kerr angle at different temperatures under low magnetic field and magnon frequency versus temperaturel;

(d) phonon modes detected by magneto-optical Kerr measurements at 2 T,
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Fig. 6. Ultrafast dynamics in the topological semimetal CdsAs,: (a) Transient reflectivity under 800 nm pump and 4 pm probe at
different fluences, showing enhanced positive response at high fluencel'?”; (b) schematic of thermalized electron redistribution and
possible transition channels at low (left) and high (right) fluencel'”; (c) transient reflectivity at 6 K under 800 nm pump-800 nm
probe with pronounced oscillations!'?!l; (d) coherent phonon modes at various temperatures from FFT and Raman spectral’®!); (e) re-

lationship between terahertz third-harmonic generation intensity and photoinduced population inversion!'24.
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Fig. 7. Ultrafast dynamics of Type-II Dirac semimetals: (a), (b) In NiTe,, transient reflectivity under 800 nm excitation and temper-

ature dependence of electron-hole recombination time 7 and the coherent A;g phonon decay rate, with an abrupt change at

T* = 60 K" (c), (d) in PtTe, thin films, ultrafast differential signals under different circular polarizations, where the amplitude

and phase of coherent oscillations vary with polarization direction!
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Fig. 8. Ultrafast dynamics and chiral pumping effects in the Weyl semimetal TaAs: (a) Carrier relaxation probed at wavelengths
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ted terahertz probe signals without a magnetic field and with the magnetic field parallel to the terahertz electric field, along with

simulated results!"7; (c) schematic of strong suppression of phase space for hot carrier-phonon scattering at low Landau levels!"'7.
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Fig. 9. Ultrafast magnetization enhancement in CosSn,S,/!: (a) Time evolution of the magneto-optical Kerr angle at different tem-

peratures; (b) fits using an exponential model; (¢) temperature dependence of the relaxation amplitude from fits; (d) schematic of

the spin-filtering effect in tilted Weyl band structures.
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Fig. 10. Lattice and magnetic-order-related topological phase transitions: (a) Schematic of coherent control of photoinduced lattice
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Research on topological materials using ultrafast spectroscopy”
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Abstract

Topological materials, characterized by symmetry-protected nontrivial band structures such as Dirac cones
and Weyl nodes, exhibit a rich variety of quantum states and novel physical phenomena. These materials hold
great promise for applications in quantum transport, spintronics, and nonlinear optics. In recent years, ultrafast
pump-probe spectroscopy has become a powerful tool for studying nonequilibrium dynamics in quantum
materials. With femtosecond temporal resolution, this technique enables direct observation of charge, spin,
orbital, and lattice interactions on their intrinsic timescales, offering new insights into the coupling mechanisms
in topological systems. This review summarizes the latest research progress of applying ultrafast spectroscopy to
topological insulators, topological semimetals, and magnetic topological materials. We first discuss the different
relaxation pathways of surface and bulk electronic states after photoexcitation, focusing on electron-phonon
scattering, surface-bulk charge transfer, and ultrafast spin conversion. We then describe population inversion
phenomena in Dirac and Weyl semimetals, spin polarization dynamics induced by tilted Weyl bands, and the
influence of magnetic order on topological states, including coherent phonon and magnon excitations,
magnetically driven topological transitions, and terahertz pulse generation. Furthermore, we review
photoinduced topological phase transitions driven by electronic correlations, lattice distortions, and magnetic
order under strong optical fields, highlighting the potential for nonthermal optical control of quantum phases.
Finally, we discuss future research directions, emphasizing the integration of multidimensional ultrafast
spectroscopic techniques—spanning temporal, energy, momentum, and spin resolution—with advanced
theoretical simulations to construct a comprehensive picture of nonequilibrium topological states. This work
alms to serve as a reference for studies on the ultrafast dynamics of topological quantum materials and to
promote their practical applications in high-speed, low-power information processing, spintronics, and quantum

computation.

Keywords: ultrafast spectroscopy, topological materials, coherent phonons, charge dynamics, photoinduced

phase transition
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