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Photoinduced ultrafast spin dynamics is an active research field that explores nonequilibrium magnetic phenomena occurring on
femtosecond to picosecond timescales, driven by recent advances in experimental techniques. Optical excitation by femtosecond laser
pulses perturbs electronic, lattice, and spin states, enabling direct access to ultrafast spin responses that have been inaccessible by
conventional static or quasi-equilibrium measurements. In this review, | summarize major state-of-the-art time-resolved experimental
techniques employed in the study of ultrafast spin dynamics. Time-resolved magneto-optical Kerr effects, time-resolved X-ray
magnetic circular dichroism, terahertz emission spectroscopy are introduced, and their respective advantages and limitations are
compared.
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Fig. 1. (Color online) (a) Three-dimensional maps of time-resolved magnetic hysteresis loops measured by TR-MOKE for [Co/Pt], multilayer thin
films with n =5, 10, and 15. The color scale at the bottom represents the time delay in the range of 0~20 ps. (b) Time-dependent magneto-optical
Kerr hysteresis loops measured at different delay times ranging from 300 fs to 700 ps for n =5, 10, and 15. (c) Representative TR-MOKE signals
forn=>5, 10, and 15 as a function of the applied external magnetic field. (Reproduced from Fig. 2 of Shim et al., Nature Communications 8, 796

(2017), CC BY 4.0) [5].
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Fig. 2. (Color online) Schematic illustration of energy transfer
mediated by nonthermal electrons. After excitation from the Fermi-
Dirac distribution, nonthermal electrons transfer energy to the thermal

electron, lattice, and spin subsystems. (Reproduced from Fig. 1 of
Shim et al., Scientific Reports 10, 6355 (2020), CC BY 4.0) [5].

283w 585t Fofy} FQsit)
TR-MOKE/TR-Faraday 719 8 e HAF +
qUE 9, =2 ARE Belle, Ela oY

e F5e A8 7l slvt v, SAEE A

e Bz Agoly 1AAR] o824 Fdlgo] a+E 4= 9l
t}. o]8)3t SHlolE EFskal, TR-MOKES o738] X1
23 FE8E A 71EA JPHoEA FR3 YRS A

33 it

2. AZHES XM XP7| & O|AHA(Time-Resolved X-ray
Magnetic Circular Dichroism, TR-XMCD)

AIZHEES] XA A7) 98 o] A Ad(time-resolved  X-ray
magnetic circular dichroism, TR-XMCD)2 Foj7]o] 23|
fiese 20 29 398ks Y4 93] (element-specific)

o7 #=T £ Qe AES A9 7Helth XMCDhe 9

XAs Bdom ARSI 54 949 F5oll A (absorption
edgePlr] Ales Fg5to=n g Ui 29 4 Al A}
7] BHES A olal FyHew 7 4 TH37]. TR-

= RCP(polarizer)
| —— LCP(polarizer)

Intensity (a. u.)

A 1 A
0 1 2

Position (um)

(c)

Fig. 3. (Color online) Magnetic domain images of Co/Pt multilayer
thin films acquired using (a) right circularly polarized (RCP) and (b)
left circularly polarized (LCP) X-rays generated by a polarizer. (c)
Line profiles obtained along the green dashed line for the RCP and
LCP cases. (Adapted from Fig. 3 of Lee et al., Current Applied
Physics 18, 1196 (2018)) [39].
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Fig. 4. (Color online) THz signals emitted from an Fe thin film at
various pump fluences. The inset shows the THz peak amplitude as a
function of fluence for Ni, Fe, and Co thin films. (Reproduced from
Fig. 4 of Lin et al., Scientific Reports 10, 15843 (2020), CC BY 4.0)
[28].
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Fig. 5. (Color online) (a) Schematic illustration of the inverse spin Hall effect (ISHE) and (b) the inverse Rashba—Edelstein effect (IREE)
mechanisms. (c) Representative THz emission signals generated by left circularly polarized (LCP), right circularly polarized (RCP), and linearly
polarized (LP) pump pulses under the +M and +n conditions. (d) Emitted THz signals under RCP (c™) excitation and the +M condition for pump
incidence from the substrate (+n) and thin-film (—n) sides. (e) THz signals measured as a function of magnetization reversal (+M and —M) under
the +n and o* conditions. (f) Fast Fourier transform (FFT) spectra of the emitted THz waves measured for LCP, RCP, and LP pump excitations.
(Adapted from Fig. 4 of Zhao et al., Advanced Optical Materials 12, 2302571 (2024)) [15].
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Table 1. Major experimental techniques for ultrafast spin dynamics.
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