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Fig. 1. Different time regimes of the ultrafast spin dynamics: (a) The ultrafast demagnetization of Ni thin filmPl; (b) the three-time

regimes of Fe/MgO, I represents ultrafast demagnetization, II represents magnetic moment recovery, and III represents magnetic

moment precession’?; (c) the interaction between the laser pulse and the three thermalized reservoirs of electrons, lattice, and spin;

(d) the temperature changes of electrons, lattice, and spin with timel’.
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Fig. 2. Topological surface state enhanced ultrafast spin dynamics of Fe/BiySe; heterostructures: (a), (b) The band structures of

BiySe; with the thickness of 9 QL and 3 QL; (c) temperature dependence of damping; (d) ultrafast demagnetization curves of differ-

ent samplesP”.
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Fig. 3. Transition of Type I-Type II ultrafast demagnetization in FeGe materials capable of generating Skyrmions. (a), (b) The de-
pendence of the ultrafast demagnetization of FeGe film on the ambient temperature scenario and field scenario. (c), (d) The demag-
netization times and amplitude ratios between the second and first step obtained by bi-exponential function. Inset in (c) is an ex-
ample curve shown up to 50 ps. (e¢), (f) The magnetic phase diagrams of FeGe obtained by magnetization measurements. Gray sol-
id lines are the boundaries of magnetic phases. Elliptic shadow is a reference skyrmion region. Color map in (e), (f) represents the
data in (c), (d), respectively. The white dashed line is the boundary between Type-I and Type-II demagnetization. Black dots are
all the TR-MOKE measurement points; red dots are the data points shown in (a), (b))
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Fig. 5. (a) Schematic of THz emission via inverse Rashba-
Edelstein effect upon excitation of ultrafast laser pulses?7;
(b) the frequency-domain THz signal of Fe/Ag/Bil".
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Fig. 6. Fermi surface breathing model and bubbling model: (a) A sketch of the Fermi surface at different times; (b) the intraband

and interband transition!7”.
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Fig. 7. Relationship between the ultrafast demagnetization time and damping: (a) The ultrafast demagnetization time is in direct

proportion to the damping in the Co/Ni bilayer™); (b) the ultrafast demagnetization time is inversely proportional to the damping

in the FeGa/IrMn bilayer!®.
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Fig. 8. (a) Anisotropic ultrafast spin dynamics in Co thin filmP®!; (b), (c) the anisotropic damping and splitting band structures of
Fe/GeTe (30 nm); (d), (e) the isotropic damping and band structure of Fe/GeTe (5 nm)2.
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Fig. 9. Quasi-classical three-step model of higher harmonics*.
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Table 1.  The M, ; energies for 3d elements.
JLE M, g HfER/eV | JGE M, 5 lifigE/eV
Sc 32 Fe 54
Ti 35 Co 60
A% 38 Ni 68
Cr 42 Cu 74
Mn 49 Zn 87
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Fig. 10. Attosecond time resolution electrons dynamics by RABBITT method: (a) Schematic illustration of the photoemission spec-
trum with attosecond time resolution by RABBITT method®); (b) schematic representation of the three steps of RABBITTF.
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Fig. 11. Typical character of the high Harmonic generation.
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Abstract

Ultrafast spin dynamics is the study of the evolution of spin degrees of freedom on a time scale from
picoseconds to attoseconds after being excited by an external field. With the development of laser technology,
ultrafast spin dynamics has presented new opportunities for realizing ultrafast spintronic devices since 1996.
However, despite decades of development, many aspects of femtosecond magnetism remain unclear.
Understanding the parameters of these ultrafast spin dynamics processes requires experiments on an even faster
timescale. Attosecond magnetism and the interaction of attosecond laser pulses with magnetic materials can
reveal spin dynamics on a sub-femtosecond to attosecond time scale. In this review, we first introduce the
significant research progress, including the mechanisms of ultrafast demagnetization, all-optical switching,
ultrafast spin currents, and terahertz waves. Secondly, we analyze the problems in ultrafast spin dynamics, such
as the unclear physical mechanisms of ultrafast demagnetization, the uncertain relationship between magnetic
damping and ultrafast demagnetization time, and the unexplored anisotropic ultrafast demagnetization. Thirdly,
we discuss the opportunities and challenges in attosecond magnetism. Finally, we analyze and discuss the future

development and prospects of ultrafast spin dynamics.
Keywords: ultrafast spin dynamics, femtosecond magnetism, attosecond laser pulse, attosecond magnetism
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