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ARTICLE INFO ABSTRACT

Commissioning Editor: P. Hvoje With the development of laser and magneto-optical technology and the discovery of a broad
range of magnetic quantum materials exhibiting exotic properties and new physics, ultrafast
magnetization dynamics has become increasingly appealing to advanced magnetic information
technology. Furthermore, manipulating magnetization via light provides insights into interac-
tions among multiple degrees of freedom in condensed matters and has revealed a wide range of
nonequilibrium phenomena. In this minireview, we first present the theoretical considerations
of ultrafast magnetization dynamics from both classical and ab initio points of view. We then
discuss several aspects of state-of-the-art experimental studies on light-induced magnetization
dynamics in various materials, including ultrafast demagnetization and magnetization reversal,
as well as coherent-phonon-driven magnetization precession and phase transitions. In particular,
we highlight the role of light-induced phonons from some recent work in the latter two
aspects, providing a completely new perspective as well as an alternative approach for optical
control of magnetization dynamics. As a powerful means of dynamical control and thanks to
the progress and advances of experimental techniques, all-optical quantum manipulation of
emergent materials is becoming one of the most far-reaching frontier research areas of ultrafast
sciences.

1. Introduction
1.1. Significance of ultrafast optical control of magnetization dynamics

As an essential member of quantum materials hosting multiple degrees of freedom (charge, spin, lattice, etc.), magnetic materials
have a profound impact on the exploration of fundamental physical concepts and emerging phenomena in condensed matter physics,
as well as the design of functionalized devices [1-11]. Meanwhile, the recent two decades have witnessed tremendous experimental
development (e.g. time-resolved magneto-optic techniques, time- and spin-resolved photoemission measurements, time-resolved
X-ray diffraction, X-ray magnetic circular dichroism, etc.) and theoretical progress (e.g. phenomenological three-temperature model
combined with the Landau-Lifshitz-Gilbert equation, ab initio methods including the real-time time-dependent density functional
theory, etc.) aiming to characterize the fundamental interactions for dynamical magnetization phenomena. Among them, advanced
laser technology with precise phase and frequency control [11-16], in a combination of time-resolved magneto-optical techniques
has made it possible to realize ultrafast characterization, probe, and control of transient magnetization on the femtosecond or
even attosecond timescale [11,17-21], and evolves to a rich field of ultrafast magnetism [22]. It includes a broad spectrum of
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Fig. 1. Coupling between spin and other degrees of freedom. (a) Interactions among multiple degrees of freedom in condensed matter. Here, the spin-orbit
coupling (SOC) interaction represents the coupling between spin and electron, spin—phonon coupling (SPC) refers to the interaction between spin and phonon,
and EPC is the coupling between electron and phonon. (b) Demagnetization of bulk Ni highlighting the effect of light polarization, SOC, the light—spin interaction
(6 - B), and the phonons from theoretical calculations. The six cases are: (i) linear polarized laser, (ii) linear polarized laser without the & - B term, (iii) linear
polarized laser without phonons, (iv) circular polarized laser, (v) linear and (vi) circular polarized laser without including SOC. (c¢) Temporal evolution of electron
spin S,, electron orbital angular momentum L,, ion orbital angular momentum L,,,, and the total angular momentum ror for a two-atom Ni dimer. (b) and (c)
are reproduced from Ref. [23].

transient magnetization dynamics, such as ultrafast demagnetization, magnetization precession, magnetization reversal, magnetic
phase transition, etc, and thus can be characterized by different characterization techniques such as pump-probe magneto Kerr and
Faraday signals, transient hysteresis loops for each time delay Ar between the pump and probe laser.

Meanwhile, the flourishing of theoretical approaches, especially real-time ab initio methods, has been shown to contribute
significantly to understanding the interactions between charge, lattice (or phonons), and spin. For example, Chen et al. studied
ultrafast demagnetization in Ni using real-time time-dependent density functional theory (rt-TDDFT) calculations. Such a theoretical
framework allows distinguishing the angular momentum transfer between photons, spins, and electron orbitals during the demagne-
tization process [23]. As Fig. 1b shows, the spin—orbit coupling effect is indispensable for the demagnetization while the spin Zeeman
effect is negligible. More importantly, when turning off the lattice degree of freedom, i.e. fixing atoms in the simulation, there is a
noticeable decrease in the demagnetization effect, highlighting that phonons play a nontrivial role in the angular momentum transfer.
A similar message can be obtained from calculations on a two-atom Ni dimer, showing a clear exchange of angular momentum L
between electrons and ions on a sub-femtosecond timescale, shown in Fig. 1c.

The great advantage of temporal resolution on the order of femtoseconds to picoseconds lies in its correspondence to the crucial
intrinsic magnetic energy scales (e.g., magnetic anisotropy, spin-orbit coupling, exchange interactions, etc.), and interaction strengths
between different degrees of freedom (Fig. 1a). In two-dimensional magnetic materials, such measurements serve as a unique
approach that allows one to disentangle dynamics of various quasi-particles under nonequilibrium conditions [24]. On the other
hand, two-dimensional materials with unique responses to external stimuli (gating, strain, etc.) provide unprecedented opportunities
to study light-induced novel physical phenomena and to realize all-optical control [10,25-27]. It has been shown that various
properties can be manipulated by light, such as lattice distortions [28,29], topological phase transitions [30,31], light-induced
superconductivity [32-34]. Microscopically, photoexcitation can modify the potential energy surface landscape or the interaction
strength between different degrees of freedom such as charge, lattice, and spin. Given their intrinsic lifetimes, optical excitation has
the potential to manipulate materials’ properties on an ultrafast timescale. Moreover, it does not rely on other external fields, such
as strain fields, and has the advantages of reversibility, versatility, and high tunability.

A plethora of transitions or dynamics can be realized by further altering the frequency or fluence of the pump light.
Phenomenologically, this can be understood from a simplified free energy landscape schematically shown in Fig. 2a. In the weak
excitation regime, the system is driven not too far away from equilibrium and the induced variation can be treated as linear. The
recovery process encodes information of various collective modes, thus allowing disentangling of the individual degree of freedom
such as electrons, spins, and phonons. For example, Hu et al. demonstrated that the photoexcited carriers in graphene provide
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Fig. 2. Diagrams and examples of nonthermal pathways induced by optical excitation. (a) The weak excitation regime allowing effective probing of ultrafast
quasiparticle dynamics. (b) The intense excitation regime where nonequilibrium switching and quantum criticality could be achieved due to large modification of
the potential energy surface landscape. (c) The strong excitation regime where the nonlinear effects become non-negligible. (a—c) are reproduced from Ref. [35].
(d) Diagram showing additional electron-phonon scattering channels from nonequilibrium charge carriers in photoexcited graphene, reproduced from [36]. (e)
Optical control of multistage phase transition via phonon coupling in monolayer MoTe,, highlighting an intermediate 2H* structure, reproduced from [37]. (f)
Nonlinear coupling between the photoexcited phonon modes Q,, and a propagating polariton mode Q, in bulk LiNbO;, reproduced from [38].

additional channels for scattering with phonons due to their nonequilibrium distribution, which results in enhanced electron-phonon
coupling [36]. As the intensity of laser excitation increases, ultrafast modifications of the transient free energy landscape can happen,
shown in Fig. 1b. Such modifications could further induce phase transitions to metastable or nonequilibrium states and enable the
study of nonthermal critical behaviors such as topological phase transition [29,30,39,40], light-induced superconductivity [32-34],
etc. As an example, Guan et al. unraveled an intermediate structure 2H* during the light-driven phase transition from 2H to 1T’ in
MoTe, monolayer, assisted by an unexpected phonon excitation and its coupling to the electronic states [37]. The excited phonon
modes are determined by the photon energy and intensity of the laser pulse, indicating the system can be driven to a metastable
and nonequilibrium state under intense excitation.

In addition to non-magnetic materials, more attention has been attracted to the investigations of dynamical manipulations in
magnetic materials with the development of time-resolved spectroscopy such as pump—probe magneto-optics, time-resolved second-
harmonic generation (SHG), two-photon photoemission, etc. Since magnetization is sensitive to electron excitation as well as lattice
vibrations, nonlinear interactions are usually involved. In practice, this can take place via the intense light that drives the system far
from equilibrium, where nonlinear couplings play an important role in dynamically modifying the coupling strength at high orders.
Therefore, optical control of spins provides another strategy to investigate emergent phenomena from higher-order interactions,
such as using nonlinear phonons under strong excitation to induce novel physical phenomena that are difficult to access by static
approaches [11,41-44]. A very recent work from Henstridge et al. showed that the ferroelectric polarization reversal can be induced
by the anharmonic coupling between the high-amplitude light-driven phonon modes in ferroelectric LINbO; [38]. There, phonon-
phonon interactions and/or other phonon-related nonlinearities play a crucial role in the strongly distorted crystal lattices. Taking
together, the free energy landscapes in the three regimes mentioned above can in theory be tuned by varying the intensity of the
laser pulse, which also indicates the versatility of all-light control.

Given the scientific significance and potential technological application, in this minireview, we discuss ultrafast all-optical control
of magnetization dynamics in a variety of magnetic systems. First, we try to understand its physical origin from the perspective of
theoretical models and quantum mechanics. We focus on the different roles played by each degree of freedom and the resulting
novel physical phenomena that can arise on an ultrafast timescale (Section 2). We then discuss ultrafast dynamics in four exciting
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Fig. 3. The generic model for ultrafast photoinduced spin dynamics. (a) Illustration of energy levels without (upper panel) and with (lower panel) spin—orbit
coupling. (b) Theoretical predictions on the all-optical control of magnetization switching in NiO(001) surface on the timescale of picoseconds. (a) and (b) are
reproduced from Ref. [45] and Ref. [46], respectively.

aspects, e.g. photoinduced demagnetization, magnetization reversals, precessions, and magnetic phase transition, according to the
characteristics of the dynamical processes (Section 3). In particular, for the latter two aspects, we review some very recent work on
coherent-phonon-driven ultrafast magnetization precession and an antiferromagnetic to the ferromagnetic phase transition. These
works provide direct evidence for manipulating spins via the lattice degree of freedom, and demonstrate the power of all-optical
control which can be enlarged by the development and application of full-spectrum light sources. Our review shows that all-optical
control has the potential to achieve ultrafast dynamical manipulation without relying on other external fields, which is of both
fundamental scientific significance and practical value.

1.2. Ultrafast all-optical control of magnetization dynamics from a simplified analytical model

While the earliest all-optical control was mainly applied to the nonmagnetic semiconductors and metals [36,37,47-501, the
study of all-optical control of magnetic materials did not start to attract attention until 1996, when an ultrafast demagnetization
was observed in the ferromagnetic metal nickel by the pump-probe technique [12]. The idea of all-optical control of magnetization
without other external fields has been explored extensively ever since, with the leaping development of ultrafast experimental
methods.

Hiibner et al. proposed a theoretical model on light-induced spin dynamics [45,46,51,52], which serves as the theoretical base
for many recent works. There, the generic model of the photoinduced spin dynamics can be described by a four-energy-level system
shown in Fig. 3a [45]. This effect can be briefly characterized by considering the spin splitting in the ground (excited) state with
the energy of ¢,, (e,,), and the spin-orbit coupling interaction with a characteristic energy £. Using the pure spin states as the basis,
the Hamiltonian of the four-level model system can be written as the following

E, 0 0 0
0 Eg+ey O 0

Ho=| 0 E, £ @
0 0 £ E +e,

The eigenvalues can be easily obtained by diagonalizing the Hamiltonian:

gy = E (2)
€y = E0+eg5

£ 1

e = E +§—5\/s§5+§2
£

e = E +§+%\/egs+§2.

In the absence of the spin—orbit coupling interactions, i.e. & = 0, there is no coupling between different spin states and thus no
spin dynamics occur. However, with a finite spin-orbit coupling strength & = 0.1 eV and taking ¢,; = 0, the spin switching can
take place. By writing the system Hamiltonian in the form of H(r,r) = H,(r) + V(r,?) that consists of the time-independent part
ﬁo(r) and the time-dependent part V (r,r), the evolution of the eigenvalues can be obtained with the time-dependent light-driven
external potential. The part of the time-independent Hamiltonian (ﬁo(r)) is shown as Eq. (1), which represents the solution of the
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Fig. 4. A classical description of the precession motion of a magnetic moment. (a) The motion of the magnetic moment m under the magnetic field H. At an
angle of 6, m experiences a precessional torque T and a damping torque T';, that drives m moving toward H. (b—c) Precessional motion of the magnetic moment
m along z (—z) direction with a positive (negative) damping parameter « = 0.15 (a = —0.15), reproduced after Ref. [24].

electronic structure of the system of interest. And the other part V(r,7) represents the interaction between the electronic system
and the laser field. With the electric dipole approximation, the laser field induced by a periodically applied pulse can be described

2
as E(t) = Ejexp [k— (£> —iwyt|. Using the surface gap state of ferromagnetic NiO(001) with proper discrete energy levels as an

example, this work for the first time theoretically demonstrated all-optical spin switching on the subpicosecond timescale, as shown
in Fig. 3b [46].

We note that, this analytical four-level model proposed by Hiibner et al. is greatly simplified, yet it is the fundamental framework
that encapsulates the essence of spin—orbit coupling interaction in the observed ultrafast spin dynamics. We acknowledge that this
four-level Hamiltonian could not accurately depict the real magnetic system. For example, the phonon degree of freedom is totally
absent in this model, which has been shown recently to be quite important and thus needs further investigation.

2. Theoretical approaches for ultrafast magnetization dynamics
2.1. The Landau-Lifshitz-Gilbert equation

We start from the classical description of the Landau-Lifshitz (abbreviated as LL equation in the following) equation traditionally
used in the framework of classical mechanics. Under a magnetic field H, the torque T that the magnetic moment m experiences is

T=mxH. 3)

According to Newton’s equation of motion dL/df = T, Eq. (3) can be written as

%:T:mxH. @

The magnetic moment m and the angular momentum L can be connected through the gyromagnetic ratio y = %, ie.

m=yL, 5)

where 4, g, m,, and g denote the magnetic permeability of the vacuum, the Landau factor, the mass and charge of the electron,
respectively.
Therefore, the motion of the magnetic moment m in the magnetic field H satisfies

S yimx H1=/T. ®)

At this point, the magnetic moment m satisfies Lamor’s precession motion in the magnetic field H. If there is only the precession

term T, the magnetic moment m precesses with respect to the direction of the magnetic field H. However, the magnetic moment

will eventually align with the direction of the magnetic field, so an additional damping term T, must be introduced, which is
perpendicular to the precession term T and the magnetic moment m. It can be expressed as,

dm
Tp=Clmx . 7
b dr ]
The scaling factor C = %L is similar to the coefficient of friction in the linear motion, where a denotes the damping factor

implying an unspecified dissipation phenomenon. This classical description is schematically shown in Fig. 4a. It is thus obvious that
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the positive values of C («) cause the magnetic moment m to rotate towards the direction of H, while negative C («) causes the
magnetic moment to be anti-aligned with H, shown in Fig. 4b—c. The LL equation now reads

dm _ imx HY + L im x (m x H). ®)
dr m
Further, a modified version with a second-order damping term of the above LL equation, the Landau-Lifshitz-Gilbert (LLG) equation
is often used, which reads

(1+a2)(ij—m=y[m>< HI+ Zimx (mx H)]. ©)
t m

Here, when the damping term represented by the coefficient « is small, the second-order term can be neglected. Therefore, Eq. (9)
can be written as

‘Z—':’ :y[mxH]+% [mx ‘2—':’],

which is equivalent to the LL equation (Eq. (8)).
Therefore, the LL or the LLG equation describes how m precesses with presence of a magnetic field H. In combination with

the three-temperature model (as will be discussed in greater detail in Section 3.1), the LL and LLG equations can describe the

evolution of the direction of the magnetic moment m with time. However, it is worth mentioning that this treatment assumes that

the magnitude of the magnetic moment |m| is constant, i.e. no longitudinal relaxation [53,54]. Besides, the phenomenological LLG

equation cannot give a clear picture of the angular momentum transfer when spin is associated with the electronic structure.

(10)

2.2. Magnetization dynamics in the framework of time-dependent density functional theory

Different from the LL and LLG equations which only describe the evolution of the direction of the magnetic moment m in
time, first-principles calculations can provide the time evolution of the magnetic moment, both its direction and magnitude, in the
framework of the real-time time-dependent density functional theory (rt-TDDFT) [23,36,37,47-49,53,55,56].

The central idea is to self-consistently solve the Kohn-Sham equations describing the non-interacting single-particle system,
assuming the total energy is a unique functional of the electron density following the Hohenberg—Kohn theorem. The time-dependent
density functional theory has been developed following the Runge-Gross theorem [55,56], where the evolution of the electronic
wavefunction can be described in the form of time-dependent Kohn-Sham equations:

0 A
lhEW"’k(r’ 1) = Hyg gy, (r,1). amn

The Hamiltonian Hy ¢ can be written as

. h?
HKS=_ZﬁV?+I/ION+VH+VXC+Uext+Vsoc7 12)
1

2
where the terms in the equation represent, in order, the kinetic energy term of the electron — %V?, the Coulomb potential

generated by the nuclei Vg, the Hartree potential V4, the exchange—correlation potential Vy,, the external field Uy, and the
spin—orbit coupling term V.. Here the nuclei (with the index /) are treated classically with the average forces calculated according
to the Ehrenfest theorem [47],

F, =—/drwi*(r,z)v,ﬂ,(s(r,R,z)w,.(r,z). (13)

To find solutions for the time-dependent magnetization dynamics, the time-dependent two-component Kohn-Sham spinors
W, (r,1) can be used to describe the electron spins, so that the local magnetic moment m(r,t) at the position of r at time ¢ can
be expressed as [23,57]

m(r,0) = up Y Wl (r0) 6w, (1), a4
nk

with é being the Pauli matrices and » the band index. The total magnetization M () at the moment ¢ can thus be calculated directly
from the time-dependent Kohn-Sham spinors as

M@ = / m(r,t)dr. (15)

Ab initio calculations based on TDDFT have been shown to be a powerful tool to theoretically address fundamental questions
in ultrafast magnetization dynamics. In addition to the work mentioned in Section 1.1, studies on high harmonic generation [50],
photoinduced demagnetization [23], magnetization reversal [46] etc., have offered tremendous insights into the coupling dynamics
between spins and other quasiparticles. This provides additional opportunities to understand the underlying mechanism for the
magnetization dynamics experimentally observed, most time indirectly, with various ultrafast techniques, and make reliable
predictions to harness the desired functionality of materials for technological applications.
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Fig. 5. Ultrafast demagnetization in Ni thin film. (a) The experimental pump-probe setup, highlighting the temporal change in the Kerr signal and transmission
after the pump pulse. (b) Transient longitudinal magneto-optical Kerr signal observed in a 20 nm Ni thin film on MgF, after excited by a pump pulse with a
fluence of 7 mJ/cm?. The signal values are normalized to those measured without the pump light. (a) and (b) are reproduced from Ref. [12].

3. Emergent ultrafast manipulation of magnetization
3.1. Ultrafast light-induced demagnetization

The earliest study on light-induced demagnetization dates back to 1990 when Meier et al. first captured the time evolution of
nonequilibrium magnetic states in ferromagnetic metallic gadolinium (Gd) on the femtosecond timescale by time-resolved spin-
polarized photoemission spectroscopy (TRSPPS) [59]. A characteristic timescale of 100 + 80 ps is determined for the heat transfer
from the lattice system to the spin system, i.e. the spin-lattice relaxation time. Later, Hiibner and Bennemann theoretically modeled
the demagnetization time of Gd to be about 48 ps, which lies in the same range as the experiment [60]. In the same year, Beaurepaire
et al. used the ultrafast optical and magneto-optical pump-probe techniques to study the relaxation of the electrons and spins in
ferromagnetic metallic nickel (Ni) films by measuring the transient Kerr and transmission signal after a pump pulse, shown in Fig. 5a.
Fig. 5b shows the normalized remanence from the magneto-optical Kerr signal, where they found that the magnetization decreases
rapidly within the first picosecond and reaches the minimum within two picoseconds [12]. This study for the first time highlights
the contributions of electron-spin interactions to the demagnetization dynamics on the picosecond timescale.

At that time, the theoretical understanding was mostly based on the three-temperature model (abbreviated as 3TM) [12,54,61].
There, spin, lattice, and electron charge are considered as three heat baths, with their corresponding temperature denoted by T, T,
and T,, respectively, as shown in Fig. 6a. The dynamics of the system can thus be described by three coupled differential equations
as follows [1,12,53,58,62,63]

dT,
C,(T,) dl" = -Gy, (T,-T)) -G, (T,-T,) + P(1)
dT;
Cs (Tv) d_; = _Gex (Tr _Te) - GS[ (Tv _TI)
dT,
C[ (TI) d_tl = _Gel (TI _Te) - G_vl (T/ - TS) . (16)

Here C,, C;, and C, denote the electron, lattice, and spin heat capacity, respectively. G, G, G, are the electron-lattice, electron—
spin, and spin-lattice coupling constants, which can be obtained from fitting the experimental data. Lastly, P(¢) refers to the radiation
heating from the external laser field. After laser excitation, the energy of the pump laser is absorbed by electrons on the timescale

of optical pulse duration. Afterward, the energy is transferred from the electron bath to the spin and lattice subsystems, where the
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Fig. 6. The three temperature model and its time evolution. (a) Schematic diagram of the three-temperature model with relevant parameters explained in
Eq. (16) in the main text. (b) Schematics of the temporal evolution of temperature in the three-temperature model. (c) Experimental spin temperature T, (in
solid circle) and electron temperature 7, (in blank square) (the left panel) and the estimated temperatures for the three heat baths (the right panel) in Co/garnet
system. (a) and (b) are reproduced from Ref. [58] and (c) is reproduced from Ref. [12].

subsequent timescales depend on the strength of interactions among different degrees of freedom. Here, the values of G, G,,, and G,
characterize the strengths of electron-lattice, electron—spin, and spin-lattice interactions, respectively. The concept of temperature
exchange is established through energy transfer without considering the angular momentum transfer. Yet, it describes the observed
demagnetization dynamics in ferromagnetic materials (for example, Ni) in a quantitative way as Fig. 6b—c show and to some extent
illustrates the role played by each degree of freedom from the dynamical perspective.

It is not surprising that there are still questions about the coupling mechanism, which are not fully explained by the three-
temperature model and have motivated a great amount of work to further explore the underlying physics both theoretically and
experimentally in a greater depth. As an example, Hohlfeld et al. first observed that the magnetic response is faster than the electron
thermalization by pump-probe second-harmonic generation (SHG) in Ni, presumably due to the significant difference (about twice)
in the lifetimes of the majority-spin and minority-spin of the excited electrons [14], similar to the mechanism proposed by Koopmans
and Aeschlimann [53]. Meanwhile, Scholl et al. used time-dependent photoelectron spectroscopy with spin analysis and observed
demagnetization on two different timescales. One is the fast demagnetization on the timescale of sub-picosecond, during which
Stoner pairs are generated by the excited hot electrons from the electron—electron interactions, whereas the slower one is within a
few hundred picoseconds, dominated by the spin-lattice relaxation [63].

Later, Zhang and Hiibner argued that the three-temperature model is quasi-static and the concept of spin temperature itself is
questionable due to the lack of well-defined spin quasiparticle statistics [51,64]. Therefore, they give a quantum description of
ultrafast nonequilibrium charge and spin dynamics based on the exact diagonalization framework [65]. This theoretical approach is
not based on the perturbation theory and is thus more suitable for characterizing dynamics far from equilibrium, which is usually
the case under optical excitation. As mentioned in Section 1.2, the Hamiltonian H = H, + H,,, consists of two parts: H, for the

sys e sys
system and H,, for the laser field which evolves in time. The Hamiltonian of the system corresponding to the demagnetization

Xt
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upon laser excitation at the femtosecond scale is

— T
Hsys = Z Uio‘,jo",ko’”,lo""Ciacjalcka”cla’” + Z SV(K)nvo-(K) + Hgoc, a7
i,j.k,l,0,0" 6" 6" v,0,K
where U, ;o 151 1om is the on-site electron interaction, which can be described by the three parameters, the Coulomb repulsive

potential U, the exchange interaction J, and the exchange anisotropy 4J. &, (K) represents the spin-independent band structure.
n,,(K) is the particle number operator of band » in reciprocal space. Hgoc represents the term of spin—orbit coupling (SOC)
interaction. For the case of ferromagnetic metal Ni, the three generic values obtained by fitting the experimental spectroscopic data
are 12 eV, 0.99 eV, and 0.12 eV for on-site interaction U, the exchange interaction J, and the exchange anisotropy 4J, respectively.

Although the proposed Hamiltonian is initially applied to Ni, it has universal applicability in revealing the general internal
and external factors related to the spin dynamics in ferromagnetic materials on the femtosecond scale. In addition to the five
internal factors mentioned above (U, J, AJ, Hgoc, &,), this Hamiltonian also takes into account the external factors, including
the photon frequency of the pump and probe light, the fluence and duration of the pump laser, and the measurement errors of
different instruments, etc. Following this framework, it has now been widely accepted that the ultrafast spin dynamics could typically
be divided into four stages based on the timescales: (1) electron thermal equilibrium (on the timescale of 1 fs), (2) electron-spin
relaxation (on the timescale of a few femtoseconds), (3) electron-lattice relaxation (on the timescale of 1 ps), and (4) spin-lattice
relaxation (on the timescale about 100 ps) [51,52,64].

Meanwhile, Koopmans et al. attempted to describe the microscopic mechanism of the femtosecond demagnetization phenomenon
based on the Landau-Lifshitz—-Gilbert (LLG) equation. Their model considers that the relaxation between the spin, lattice, and
electron in a similar manner to a macroscopic magnetization precession of the magnetic moment with the presence of an effective
magnetic field. The authors demonstrated the spin dynamics in Ni and Co in the framework of the LLG equation, without taking
into account the thermal fluctuation effect. They also discussed the significance of the LLG damping term, arguing that the essential
characteristic demagnetization time is related to impurity-induced spin scattering [45,49].

This work further indicates that the demagnetization physically originates from the interactions between the electron, phonon,
and spin degrees of freedom. Although the role of phonons has been addressed in a subsequent work [23], in-depth exploration is
still lacking. How the phonon degree of freedom comes into play is of great importance for the optical manipulation of magnetic
materials as selectively driving a coherent phonon becomes accessible in experiments, and great efforts are still needed to improve
our understanding [66].

3.2. Ultrafast magnetization reversal

Magnetization reversal has long been recognized as a fundamentally interesting issue with great potential for the future
development of magnetic recording and information processing. For example, in the context of thermomagnetic writing, it was
shown that information can be recorded via magnetization reversal induced by ultrafast heating of a magnetic medium of GdFeCo
in the presence of an external field [62,67]. Further, a femtosecond laser can act as irradiation to the magnetic material and improve
the ultimate writing speed. Although it is intuitive from the LLG equation that the appearance of a negative damping term may
correspond to the appearance of the magnetization reversal (Fig. 4c) [24], the complete understanding of magnetization reversal is
still under pursuit even until now.

As Fig. 7a shown, Vahaplar et al. in 2009 observed the magnetization reversal of the magnetic domain in the ferromagnetic
alloy Gd,y4Fege.5Coq 5 on the timescale of tens of picoseconds induced by circularly polarized light, which the authors attributed to
the heating of the magnetic sample by femtosecond laser pulses, or the energy transfer from the magnetic sample to the spin bath.
However, the final magnetic order is determined by both the initial magnetic order and the helicity of the circularly polarized light,
whose role was not fully understood. Later in 2012, Ostler et al. demonstrated from a model point of view that the two unequal
magnetic sublattices in the GdFeCo alloy are necessary for magnetization reversal. The “lattice-electron” two-temperature model
implies a rapid temperature increase in the electron heat bath caused by the femtosecond laser, which is transferred to the lattice
heat bath through the electron-phonon interaction. The magnetization reversal then results from the coupling and energy transfer
between the phonon and the spin system. More importantly, they gave experimental evidence that the magnetization reversal can
be induced by a laser with sufficient intensity, independent of the helicity of the femtosecond laser pulse, as shown in Fig. 7(b) [67].
It can be seen that under weak excitation the magnetic reversal is determined by the helicity of the light; under intense excitation,
the magnetic reversal phenomenon does not depend on the helicity of the light. In addition, Xu et al. argued the role of hot-
electron pulses could be similar to the ultrafast magnetization reversal in the multilayer structure: Glass/Ta (3 nm)/Pt (5 nm)/Cu
(80 nm)/Gd, [FeCo],_, (5 nm)/Ta (5 nm) (Fig. 7) induced by femtosecond light pulses. There, the same magnetization reversal effect
can take place when pumping the sample on the buffer layer on the Pt-side using femtosecond laser pulses, although irradiating
the buffer layer takes about four times the intensity of that on the Ta-side. Therefore, they suggest that the magnetization reversal
by femtosecond laser pulses is essentially the hot electron effect of the laser through the medium. The effect of femtosecond laser
pulses is considered to induce a rapid increase in the temperature of the electron heat bath, which transfers energy to the spin
system, thus causing the reversal of magnetization. The role of phonons was not considered in this work [69].

In addition to the above-mentioned ferromagnetic alloy GdFeCo or TbFeCo [71] containing 4d rare earth elements and 3d
transition metal elements, magnetization reversal was achieved very recently using circularly polarized light in a three-layer two-
dimensional van der Waals ferromagnet Crl; [72]. The phase diagram of magnetization reversal in the three-layer Crl; is related to
the helicity of circularly polarized light, the photon energy, and the pump fluence. Besides, different photon energies are needed
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Fig. 7. Light induced magnetization reversal in magnetic alloys. (a) Images of the magnetic domain of Gd,,Fegs5Cog 5 alloy, as well as the total magnetization
along z at different time after pumped by the right-handed (¢*) and left-handed (¢~) circularly polarized pulses at room temperature. (b) The magneto-optical
images of Gd,,Fegs5C0g 5 films obtained after the number N of 100 fs right-handed (¢*) and left-handed (¢~) circularly polarized laser pulse. @ and @ show
the initial magnetic states. @ shows the film after excitation with N (N=1,2...5) circularly polarized laser pulses with a large fluence of 2.30 mJ/cm?. @ shows
the film after excitation with N (N=1,2...5) circularly polarized pulses with a small fluence of 2.25 mJ/cm?. The scale bar indicates a length of 20 pm. (c) The
magneto-optical Kerr images of the GdFeCo alloy at four different pump fluences (ranging from 0.75 to 3.5 mJ/cm?) in the direct femtosecond laser excitation
regime and the indirect hot electron excitation regime (from 4 to 12.25 mJ/cm?), showing similar reversal effect can also be induced from both mechanisms.
(a), (b), and (c) are reproduced from Ref. [68] and Ref. [67] and Ref. [69], respectively.

for right-handed and left-handed pulses, indicating that the ultrafast magnetization reversal in Crl; is related to specific excitation
levels and angular momentum transfer between spins of different electronic states. Although the spin angular momentum transfer
mechanism provides a better understanding of the interactions involved with photons, electrons, and spins, the role of phonons has
rarely been reported in these studies. To our best knowledge, the most widely accepted mechanism for laser-induced magnetization
reversal is via electron-phonon mediated spin-flip scattering proposed by Koopmans et al. It demonstrates the role of phonons
based on the three-temperature model (3TM), but does not provide any detailed insight into microscopic origin of the dynamic
processes involved [73]. Therefore, more attention needs to be paid both experimentally and theoretically to the accompanying
phonon dynamics to better understand the underlying mechanism in all-optical control of magnetization dynamics.

3.3. Ultrafast magnetization precession from coherent phonons

Laser-induced coherent magnetization precession in a variety of quantum materials manifests itself in a coupled dynamics
between magnetic moment and angular momentum [62]. Systems with magnetization precessions are regarded as a unique
playground to study the evolution of angular momentum in the optical control of magnetization considering the angular momentum
conservation. As a result, tremendous efforts have been devoted to investigating the ultrafast precessions in different systems
[74-77]. Magnon, a quantized spin wave reflecting the collective excitation of electron spins, is a strong indication of coherent
spin precession and can be observed by transient birefringence measurement in ultrafast optical experiments.

Garnets such as DyFeO; [42], ErFeO; [78], etc. are of great value to realize the magnetization precession due to a minimal
absorption at the excitation wavelength of 800 nm and a different response to the pump pulse polarization. Therefore, the precession
of magnetic moment with the opposite phase in DyFeO; thin films can be triggered by the left- and right-handed circularly polarized
laser pulses incident along the z-axis imposed to an in-plane applied magnetic field [78].

Furthermore, the nonlinear effects of light on the magnetization allow for ultrafast coherent control of spin precession. For
example, Nova et al. observed the excitation of magnetization precession via the nonlinear phononics in the rare-earth orthoferrite

10



N. Wu et al. Progress in Surface Science 98 (2023) 100709

a b = d Crystallographic axis (0°) b
@ __: =
P SO > :
' 3
Cc 1
% ol 2
\S } o 5
PRl I\ c
© A s
LA ole lel 3
+ = '—g
&
— e o€ o
“n _"u g ¢
A .j' 1%
®o L N =
[ -]18 R I L
(-1 4 6 8
e f g Delay (ps)
100 K 1.0
S 1.0
S soff |f ‘ 3
S w 3 3
§ 1] I | € Kt
= | 2 2
£ = =4
2 CIN ‘ ‘ 2 g
S I (" : E:
5 S0F || &
5 ‘ [
a.
<100 b 0.0
100 L L L " e L L L L L L 1 1 ooo é . 1\0
4 6 8 I 1o W 32 34 36 g L 2 3 4 : 6 Peak electric field (MV em™)
Pump-probe delay (pls) Frequency (THz)

Fig. 8. Ultrafast magnetization precession in ErFeO;. (a) Crystal structure of ErFeO;, highlighting the orthorhombically distorted perovskite structure. (b) Magnetic
order in ground state where the spins of iron ion align antiferromagnetically along a axis but with a canted angle. (¢) Atomic motions for the photoinduced
infrared-active phonon modes B,, and B,,. The motion of the individual ions produced by the superposition exhibits a circular motion with elliptical polarization.
(d) Coherent magnon oscillations at different pump pulse polarization. (e) Transient birefringence measurement at 100 K. The excitation of spin precession,
where the multi-component fast oscillations (in gray line) can be filtered out by a low-pass filter (1.5 THz cutoff) to reveal the slow oscillations associated with
magnon (in red). (f) FFT results of the oscillations. The polarization of the probe oscillates in time, which includes the slow component (at 0.75 THz) and fast
components (at 3.36 THz and 4.85 THz, respectively). The magnetic response indicates a quasi-antiferromagnetic (q-AFM) magnon (in red peak), associated with
the superposition peak of A;;+B,, phonons (in orange peak) and B,, phonons (in blue peak). The insets show a cartoon plot of spin motions (S, and S,) in the
q-AFM mode with the magnetization variation in ¢ axis. (g) Dependence of the magnon amplitude on the electric field of the pump laser. (a)-(g) are reproduced
from Ref. [42]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ErFeO; [42]. This antiferromagnetic insulator crystallizes in an orthorhombically distorted perovskite structure with canted spins, as
shown in Fig. 8a. The infrared active in-plane B,, and B,, phonon modes can be driven by laser excitation at 20 THz frequency and
their superposition can induce the generation of circularly polarized phonon modes. With the light polarization at an angle from
a-axis of +45° or —45°, the two modes with an opposite nonzero relative phase form opposite circular polarized atomic motion,
indicated in Fig. 8b-d. The effect of nonlinear phonon modes mimics the application of a magnetic field and thus contributes to the
generation of magnons. The induced magnons at a frequency of 7.5 THz feature a quasi-antiferromagnetic magnetic mode (q-AFM)
with the modulation of the magnetic moment along the c-axis, shown in Fig. 8f. Moreover, the phase of the magnetization oscillations
is proved to have a strong dependence on the relative phase of the two driven phonons while no dependence on initial magnetic
orders. The ultrafast magnetization precessions characterized by magnons are shown to be related to temperature, frequency, phonon
amplitude (Fig. 8g), as well as the polarization of the laser pulses (Fig. 8e) [42].

Realizing all-optical quantum control of magnetization precessions is extremely appealing, yet such a process has still been quite
rare up to now. A better understanding of the underlying mechanism is greatly demanded. Specifically, the role of phonon coupling
and their angular momentum exchange with spins deserve more consideration and in-depth exploration.

3.4. Nonlinear phonon induced AFM to FM magnetic phase transitions

Phase transition between magnetic states has been a well-sought-after physical phenomenon relevant to enormous practical
applications and fundamental theoretical questions. Particularly, magnetic materials that undergo a coupled structural transition
offer new insight into the interplay between multiple degrees of freedom. Different from the conventional way of inducing magnetic
phase transitions using external magnetic field, pressure, temperature, etc, the experimental development of ultrafast all-optical
quantum control has provided new means to realize magnetic phase transition in the sub-picosecond time regime.

A great amount of work has investigated ultrafast phase transitions in recent years [79-84]. Early in 2004, Ju et al. observed
the first-order antiferromagnetic-to-ferromagnetic phase transition accompanying a lattice expansion in thin metallic FeRh films on
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Fig. 9. Light induced magnetic phase transition in CoF,. (a) Spin configurations of CoF,. Pristine bulk CoF, is antiferromagnetic below the Néel temperature T .
Upon distortion, the magnetic moments on the Co sites (m, and m,) cannot be canceled, inducing the generation of ferromagnetic order and non-zero magnetic
moments (M). The lattice distortion (described in the a — ¢ plane) can be generated by either a uniaxial strain along the crystallographic [110] direction or
by atomic displacement along the B,, Raman phonon mode. (b) Comparison of theoretical and experimental results on the ultrafast magnetization dynamics of
CoF, after light excitation with different optical fluences, illustrating a photoinduced net magnetization and its tunability. (c) Light-induced degenerate infrared
phonons. The nonlinear coupling between the two orthogonal, degenerate infrared active E, phonons induces a symmetry-breaking B,, Raman phonon mode
and as a result displaces the lattice. The lower panel shows the optical conductivity of CoF, at 6 K along the two orthogonal in-plane crystal axes (a and b in
blue and red, respectively) with three (E, symmetry) IR modes at 6, 8, and 12 THz. By pumping the modes at 12 THz (peaks in solid shading), a B,, Raman
mode can be excited. All figures are reproduced with permission from Ref. [70]. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

the sub-picosecond timescale. The underlying mechanism is considered to be strong exchange interactions from the increased spin
temperature induced by the laser. However, it has not provided enough evidence for the microscopic origin of the complex interplay
between lattice, electron, and spin [79-81].

In particular, Disa et al. recently proposed a phase transition from antiferromagnetic to ferromagnetic state in bulk anti-
ferromagnet CoF, and showed it can be realized by the coherent light-induced nonlinear phonons [70]. As Fig. 9¢ shown, two
infrared active E, phonon modes can be induced directly by terahertz (THz) laser pulses, and their strong anharmonic coupling can
introduce a Raman active B,, mode, resulting in a symmetry-breaking distortion of the lattice.

CoF, in its pristine state is a Néel-type antiferromagnet with Néel temperature T, = 39 K. Upon symmetry-breaking, the local
magnetic moments on the two Co atoms are not fully canceled out, yielding a net magnetic moment of 0.2 up per unit cell (shown
in Fig. 9a), which is nearly three orders of magnitude larger than the magnetic moment induced by mechanical strain previously
proposed by Radaelli et al. [85]. Furthermore, the net magnetization in CoF, can be manipulated by varying the fluence of the pump
pulse, as shown in Fig. 9b, showing a strong tunability of all-optical control. Therefore, all-optical control of phonon-driven magnetic
phase transitions offers a new mechanism to manipulate magnetism, and thus potentially advancing the study of out-of-equilibrium
phase transition behaviors in magnetic materials.

Similar to the previous aspect, this case of ultrafast magnetic phase transition also highlights the significant role of phonons
in ultrafast magnetization dynamics, especially the nonlinear coupling of phonon modes. The idea of ultrafast magnetization
manipulation via phonons allows for further exploration of spin-phonon-electron-photon interactions and is likely to open up new
avenues for the manipulation of high-speed and low-power spintronic devices.

4. Conclusions and outlook

After nearly three decades of development, the area of ultrafast all-optical control of magnetization dynamics is now an exciting
and fast-growing research area in condensed matter physics. The purpose of this article is to briefly review various aspects on both
theoretically proposed and experimentally observed ultrafast magnetization dynamics induced by optical excitation in magnetic

materials, including ferromagnetic and antiferromagnetic metals, semiconductors, and alloys containing rare earth elements. These
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studies show that femtosecond laser pulses are indeed one of the novel and effective ways to induce a wide range of magnetization
dynamics, and all-optical controlled magnetic phenomena have great potential in inspiring next-generation device concepts. In
addition, recent advances in accessing laser pulses with a wide range of frequency (from terahertz to X-ray), fluence (up to 10%2
W/cm?), and duration (down to the attosecond scale) provide great opportunities to study ultrafast magnetization dynamics as
the coupling between different degrees of freedom features various characteristic timescales. We also attempt to understand the
ultrafast all-optical control of magnetization dynamics by reviewing theoretical frameworks from the classical picture provided by
the Landau-Lifshitz-Gilbert equation to the ab initio rt-TDDFT theory.

At this point, theoretical progress is unprecedentedly needed since there are still many open questions on how to identify the
physical origins of ultrafast magnetization dynamics under optical excitation. The central challenge is to fully trace the fundamental
role played by the interactions among the various degrees of freedom in quantum materials, especially those with nontrivial band
topology, strong correlation, quantum criticality, etc. Future developments in ultrafast all-optical controlled magnetization dynamics
will keep giving rise to interesting and far-reaching physical phenomena and may revolutionize the data storage and information
processing technologies.
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