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ABSTRACT
The recent thrust in ultrafast magnetization dynamics aims at extending spintronic functionalities to terahertz frequencies. Deterministic
manipulation of magnetization at the corresponding ultrashort timescales requires minute control not only over the magnetization itself but
also the reservoirs it is interacting with. Although the various intricate couplings between spins, phonons, and electrons—all of which are
susceptible to ultrashort laser pulses—lead to many (often nonlinear) coupling routes, magnetization-dynamical nonlinearities have
remained largely underexplored. In this Perspective, we highlight recent advances and foresee future developments in the rapidly evolving
ﬁeld of nonlinear magnetization dynamics. Given the elementary character of coherent excitations, we put particular emphasis on their nonlinearities. We brieﬂy review theoretical aspects and assess excitation mechanisms to reach the nonlinear regime of magnetic excitations in a
broad class of magnetic materials, such as ferromagnets, antiferromagnets, and ferrimagnets. We present an overview of the groundbreaking
experiments that showcase the unique insights provided by magnetic nonlinearities. We conclude by discussing open challenges and opportunities that underpin the potential of nonlinear magnetization dynamics for the advancement of spintronics and cavity quantum electrodynamics with spin waves at terahertz frequencies.
C 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
V

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0075999

I. INTRODUCTION
The vast majority of data is currently stored in magnetic memories, where opposite magnetic states are used to encode logical “0” and
“1.” Both magnetic states are stable energy minima of the magnetization, i.e., close to the ground state, the energy increases parabolically
with respect to small perturbations of the magnetization. The magnetization dynamics in a static parabolic potential are exactly solvable and
resemble the linear dynamics of a simple harmonic oscillator.1–4 In
particular, the deviation of the magnetization from the ground state
increases linearly with the driving excitation.
Interestingly, as an immediate consequence of the presence of at
least two stable states, the energy landscape must deviate from the parabolic behavior for sufﬁciently large perturbations.5 These deviations form
the foundations of nonlinear magnetization dynamics. In particular,

switching of magnetization, e.g., in a magnetic memory, is a highly
nonlinear process, where even small changes in the applied magnetic
ﬁeld can result in large changes to the magnetization. Understanding
nonlinear magnetization dynamics, thus, directly advances and accelerates the development of ways for manipulating magnetization
enabling a higher data density, faster processing speed, and better
energy efﬁciency of next-generation information technologies.
The conventional way to alter magnetization is to apply an external magnetic ﬁeld, the speed of which is in the nanosecond timescales,6–8 limited by the speed of relativistic electron switch.9,10 In
contrast, optical ﬁelds can manipulate magnetization on much faster
timescales ranging from picosecond11 and sub-picosecond12 to subfemtosecond.13 Scrupulous observations in the attosecond timescales
indicate that the optically induced transfer of momentum is in
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harmony with the light-ﬁeld-driven relocation of coherent charge
density.13 Such ultrafast magnetization dynamics convey a multitude
of information on the magnetic materials, such as anisotropy energies,14,15 the strength of the exchange couplings,16 dipole ﬁelds,17 and
the existence of magnetic phase transitions.10,18 In most experiments,
a linearly polarized femtosecond optical pulse leads to a rapid increase
in the temperature as a result of optical absorption, limiting potential
applications. Circularly polarized femtosecond laser pulses, however,
can be used for non-thermal excitation and coherent control of the
magnetization dynamics via an inverse Faraday effect (IFE).19–21 Very
recently, within the past decade, such manipulation of magnetic order
is achieved and experimentally demonstrated by using intense singlecycle terahertz (THz) pulses.22–24
Unlike femtosecond optical pulses, intense THz pulses interact
with the spins on the intrinsic energy scales of magnetic excitations
through the Zeeman-torque that is caused by the magnetic ﬁeld component of the THz pulse. This is a rather direct, efﬁcient, and a faster
means of controlling the magnetization dynamics. While the excitation through Zeeman-torque can still be described within the linear
excitation regime, there are several ways for the THz pulses to drive
such excitation beyond the linear regime,14,25 such as by using THz
driving ﬁelds amplitudes as high as tens of Tesla or more where nonlinear coupling routes are mostly involved (see Fig. 1 for a schematic
overview), such as electric dipole-mediated nonlinear THz-spin coupling, spin-phonon equilibration, nonlinear damping, inertia-driven
spin nutations, the electric-ﬁeld-induced anisotropy changes, effective
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magnetic ﬁeld from rotations and displacements of crystal-ﬁeld atoms,
or via magnetoelectric coupling in multiferroic materials.
In this Perspective, we begin with a simple introductory-like discussion on the magnetization dynamics using the established notions
of Landau–Lifshitz–Gilbert (LLG) formalism to get our readers into
the stage of the current discussion on the nonlinear magnetization
dynamics in a broad class of magnetic materials that involve ferromagnetic, antiferromagnets, and ferrimagnets. From here, we will elaborate
on the nonlinear means of manipulating the magnetization at ultrafast
timescales. We will also elaborate on driving the magnetization precession with intense THz light in a manner that it generates nonlinear frequency components. On the way, we will revisit the current
developments of THz spintronic applications and give a perspective
on experiments, theoretical models, and future developments that we
foresee will happen in the ﬁeld of ultrafast manipulation of magnetization in ferro-, ferri-, and antiferromagnets. The ultimate speed is, however, an ever-evolving research direction that bears signiﬁcant
potentials toward fast and energy-efﬁcient data processing and storage
applications.
II. MAGNETIZATION DYNAMICS
The THz magnetization dynamics that form the focus of the present perspective occur primarily in ferrimagnets and antiferromagnets,
i.e., magnetic systems with several magnetic sublattices, while in ferromagnets (with a single magnetic lattice), the magnetization precession
occurs at GHz frequencies. The coherent dynamics of the

FIG. 1. A conceptual overview on coherent magnetization dynamics. The inner circle shows the several important effects that contribute to the light-induced magnetization
dynamics and their corresponding energy reservoirs. The outreach of fundamental effects emerging from these reservoirs, such as inertial torque, ﬁeld-derivative torque,
exchange torque, and the associated dynamics hinges the outer circle, concomitantly paving the way toward several future applications of coherent magnetization dynamics.
Pictures within future integrated circuits (# J. Thew), fast magnetic-based memories (# Dsom), and quantum computing (# B. Wroblewski) are reprinted with permission
from Adobe Stock—stock.adobe.com. Copyright 2021 Adobe.
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magnetization Ma of the a-th sublattice with magnitude MS;a are commonly described by the LLG equation,
ca
Ma  Beff
a
1 þ a2a


ca aa
eff


M

M

B
;
a
a
a
1 þ a2a MS;a

_ a ¼
M

(1)

with the, in general, sublattice-dependent gyromagnetic ratios ca as
well as Gilbert damping parameters aa , and an effective magnetic ﬁeld
Beff
a acting on the magnetization. In general, for a magnetization that
is described by a free energy density F , the effective magneticP
ﬁeld is
eff
deﬁned
as
B
¼
dF
=dM
.
The
free
energy
density
F
¼
a
a
a Fa
P
þ ab F ab is in general composed of terms F a that describe the free
energy of individual sublattices as well as terms F ab that relate to the
exchange coupling between different magnetic sublattices. In the following, for equations referring to any sublattice, we will omit the subscript a. We denote the sublattice magnetization by M and the
effective magnetic ﬁeld acting on that sublattice by B. The two terms
of Eq. (1) are usually referred to as the ﬁeld torque and the damping
torque. They induce a precessional motion around the effective magnetic ﬁeld and a relaxation toward the ﬁeld direction, respectively. In
equilibrium, Beff is either parallel to M or vanishes. Out of equilibrium,
typical timescales of precessional magnetization dynamics are given by
jcBeff j1 , which covers from several nanoseconds for a ferromagnetic
magnetization precession in a weak external ﬁeld to sub-picoseconds
for antiferromagnetic magnetization dynamics driven by the strong
exchange ﬁelds between neighboring spins.
Magnetization dynamics can be induced by perturbing the effeceff
tive magnetic ﬁeld, i.e., Beff ¼ Beff
0 þ DB . Suppose the magnetiza_
tion is initially static i.e., Mðt ¼ 1Þ ¼ 0. Magnetization dynamics
describe a deviation of the magnetization from the initial state, i.e.,
DMðtÞ ¼ MðtÞ  Mðt ¼ 1Þ. In analogy to classical nonlinear
dynamics,26 we deﬁne nonlinear magnetization dynamics in the following way: suppose that DMA ðtÞ and DMB ðtÞ describe the timeevolution of the magnetization in response to perturbations A and B
eff
of the effective magnetic ﬁeld DBeff
A and DBB according to Eq. (1).
We refer to the magnetization dynamics as linear if, and only if,27
DMAB ðtÞ ¼ DMA ðtÞ þ DMB ðtÞ

(2)

describes the time evolution of the magnetization M in response to the
eff
perturbation DBeff
A þ DBB . Consequently, we deﬁne magnetization
dynamical nonlinearities as
MNL ðtÞ ¼ DMAB ðtÞ  DMA ðtÞ  DMB ðtÞ:

(3)

Although other deﬁnitions of magnetization dynamical nonlinearities
may be more practical in certain experimental settings,15,28 Eq. (3)
would always be capable of capturing the nonlinear component of the
magnetization dynamics and, therefore, constitutes a general deﬁnition
of magnetization dynamical nonlinearities. Equation (3) provides not
only a general formalism to identify the presence of magnetic nonlinearities irrespective of their microscopic origin, but also an explicit
guidance on how to detect magnetic nonlinearities experimentally. In
fact, Eq. (3) forms the widely established basis for the experimental
investigation of nonlinear magnetization dynamics in the context of
2D-THz spectroscopy.29–36 Such experiments are the focus of Sec. IV
in this Perspective.
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The efﬁcient excitation of magnetization dynamics requires a variation of Beff on the intrinsic timescales of the magnetic system. Such
modulation can be either a resonant, i.e., periodic with the intrinsic
magnetization precession frequency, or impulsive, i.e., an abrupt
change in a timescale much shorter than the precession frequency.
The latter usually rely on ultrashort laser pulses, which trigger sudden
changes in Beff , e.g., due to magneto-optical coupling effects. To illustrate the origin of the laser-induced change in Beff , we consider the following generic free energy density for a particular magnetic sublattice,


ð Þ
F a ¼ Dij Mi Mj  Bi Mi þ X kl0 þ ikikl Mi þ gijkl Mi Mj Ek El þ    :
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
dielectric susceptibility

(4)
While the ﬁrst two terms give the single-ion anisotropy with an
anisotropy tensor Dij and the Zeeman energy in an external magnetic
ﬁeld B, respectively, it is the last term that describes the interaction
between the material and the electric ﬁeld of the laser pulse. Note that
the free energy expression in Eq. (4) contains the contributions from
one sublattice. For multisublattice magnets, such as antiferromagnets,
similar energy contributions have to be taken into account for other
sublattices as well. We expand the dielectric susceptibility tensor up to
second order in the magnetization. The zeroth-order term X ð0Þ
describes the interaction in the paramagnetic phase. The magnetooptical coupling tensors kijk and gijkl give rise to the IFE37 and the
inverse Cotton-Mouton effect (ICME),38 respectively. A simple rearrangement of the terms in the free energy reveals the nature of the
inverse magneto-optical effects,




ð0Þ
F a ¼ Dij þ gijkl Ek El Mi Mj  Bi  ikikl Ek El Mi þ X kl Ek El þ    :
(5)
The ICME describes an optically induced change of magnetic
anisotropy, whereas the laser pulse acts as a magnetic ﬁeld via the IFE.
Both mechanisms can give rise to a non-thermal instantaneous change
in Beff . As Beff is deﬁned for each sublattice individually, ultrafast
changes of Beff can even be used to induce magnetization dynamics in
fully compensated antiferromagnets.39,40 For ideal impulsive excitations, the time-dependent change in Beff can be approximated by a dfunction, i.e., DBeff ¼ Beff
opt sdðtÞ, where s corresponds to the laser
eff
pulse duration and Beff
opt is the optically induced change in B [see Fig.
2(a) (left)]. Integrating the LLG equation, the ﬁeld torque causes an
instantaneous rotation of M around the direction of Beff
opt by an angle
of /  cBeff
opt s, whereas the damping torque aligns the magnetization
with Beff
opt by a/. While the ﬁeld-torque contribution is frequently considered for optically induced coherent magnetization dynamics, the
damping-torque contribution can often be neglected in weakly
damped ferromagnets (a  1). In antiferromagnets, however, the
damping-torque can overcome the antiferromagnetic exchange interaction and induce a net magnetization. This process was recently
found to be capable of inducing spin precessions with amplitudes
comparable to the ﬁeld-torque contribution despite a  1.41
Although optically induced spin deﬂection angles of up to 1
have been observed experimentally,43 questions remain on how to
enhance such impulsive spin excitations to enable not only the observation of magnetization dynamical nonlinearities, but also magnetic
switching. A key bottleneck of impulsive excitation mechanisms arises
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FIG. 2. Excitation pathways and precession schemes. (a) Impulsive excitations are
characterized by a large, but temporally short change of Beff . A poor spectral overlap limits achievable excitation amplitudes. (b) Resonant excitations can induce
large angle spin precessions, but suffer from poor temporal resolution. (c) THz excitations combine the best of both worlds. A good spectral overlap enables efﬁcient
spin excitation on the timescale of the precession period. (d) A schematic of the
magnetization precession. For a steadily precessing spin, the inertial torque points
opposite to the ﬁeld torque resulting in a reduction of the precession frequency.42
(e) A schematic of the spin nutation. An abruptly activated Beff accelerates the orig_ ¼ 0Þ ¼ 0] in the direction of the precession. The
inally static magnetization [Mðt
corresponding inertial torque induces a nutation on top of the precession.

from the fundamentally limited spectral overlap between the exciting
optomagnetic ﬁeld and the spin precession frequency [see Fig. 2(a)
(right)]. Resonant excitation, however, circumvents this limitation at
the expense of temporal resolution by periodically driving the magnetic order over several periods of the magnon resonance [shown in
Figs. 2(b)]. Ferromagnetic resonance (FMR) spectroscopy constitutes
the ultralong limit of resonant excitations. Indeed, recent studies
observed a deeply nonlinear regime of magnetization dynamics in
ferromagnetic nanomagnets using resonant quasi-continuous-wave
microwave excitation.42 Magnetization precession angles of 84
induced a signiﬁcant time-periodic modulation of the demagnetizing
ﬁeld giving rise to nutation waves—a nonlinear magnetization precession that is absent for small-angle excitations. On the one hand, such
observations showcase the possibilities enabled by resonant spin excitations. On the other hand, resonant excitations require a source that
can provide a magnetic ﬁeld with a frequency matching of the
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magnetic resonance frequency. While sources in the low-GHz regime
are readily available enabling the investigation of ferromagnets, such a
requirement hampers the investigation of ferrimagnets and antiferromagnets, where typical resonance frequencies are in the high GHz to a
few THz regime. The recent use of frequency extenders enables (anti-)
ferromagnetic resonance spectroscopy up to 1 THz, thus providing a
promising tool for the future investigation of nonlinear magnetization
dynamics in antiferromagnets.44,45
Intense few-cycle THz pulses combine the best of both worlds.
Tuned to the magnetic resonance frequency, they provide a good spectral overlap enabling efﬁcient resonant spin excitations [see Figs. 2(c)].
At the same time, few-cycle THz pulses provide sub-picosecond temporal resolution allowing for the investigation of ultrafast coherent
magnetization dynamics. Indeed, single-cycle THz pulses with peak
magnetic ﬁelds of 0.4 T were found to induce a spin deﬂection of 2 in
NiO, which was sufﬁcient for the observation of magnetization nonlinearities.15 Given the tremendous success and importance of THz
radiation for the excitation of nonlinear magnetization dynamics, we
will provide a more detailed review and perspective on the THz nonlinearities using two intense, time-delayed THz pulses in Sec. IV.
Despite its success in explaining a wide range of magnetization
dynamical processes and nonlinearities, it was recently realized that
the original LLG equation as stated in Eq. (1) does not account for all
relativistic and quantum effects that can cause additional torques, in
particular, at ultrafast timescales.46,47 This triggered a ﬂurry of phenomenological extensions based on the original LLG equations. From
the point of view of ultrafast magnetization dynamics, two extensions
are particularly noteworthy. On the one hand, in addition to ﬁeld torque and damping torque, there are inertial torques of the form48–53
g ð
€ Þ;
Tinertial ¼
MM
(6)
MS
where the relaxation time g deﬁnes a moment of inertia for the magnetization M. From a simple dimensional analysis, it is evident that
while the Gilbert damping is dimensionless, the moment of inertia g
has the dimension of time. On the other hand, there are relativistic
ﬁeld-derivative torques (rFDT), which are based on a renormalization
of the effective magnetic ﬁeld in the LLG equation as46,54
Beff ! Beff 

aVuc _
HðtÞ:
cMS

(7)

Here, Vuc is the volume of the unit cell and HðtÞ is the timedependent applied Zeeman ﬁeld. We will now discuss the implications
of these extensions to the conventional LLG equation in detail.
A. Inertial dynamics
The initial formulation of the LLG equation assumed a strict relation between the angular momentum L of an electron and its magnetic
moment l ¼ cL consistent with experimental observations at the
time.49 Recent experiments, however, revealed that this relationship
can be violated at ultrafast timescales, which necessitated a more
general description including a moment of inertia of the magnetic
moment.55 Although the microscopic origin of spin inertia (also
including the thermal agitation) has been debated in the literature,53,56–60 an inclusion of the inertial torque into the LLG equation
could explain the experimental observations. Moreover, the inertial
torque has intriguing implications on the precessional and the ultrafast
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magnetization dynamics that are experimentally under-explored so
far.
Let us brieﬂy consider a conventional magnetization precession
[shown in Fig. 2(d)]. In the absence of damping, the magnetic acceler€ is always perpendicular to the precessional motion.
ation M
Therefore, the inertial torque Tinertial points opposite to the ﬁeld-like
torque in the LLG equation. As such, it reduces the precession fre€ is proportional to the square of the precession
quency. While the M
frequency and hence the magnetic ﬁeld, the ﬁeld-like torque driving
the precession, in contrast, is proportional to Beff , leading to an intrinsic nonlinear competition between the inertial torque and the ﬁeld-like
torque. The effect of inertial torque Tinertial is even more striking at
ultrafast timescales. Figure 2(d) illustrates the situation for an initially
_
steady magnetization vector Mð0Þ [Mð0Þ
¼ 0]. An abruptly changing
effective magnetic ﬁeld causes a magnetic acceleration that is tangential to the precessional motion. In this case, the inertial torque induces
a nutation of the magnetization, as shown in the schematic of
Fig. 2(e).
In experiments, the magnetic nutation introduces an additional
resonance peak in the FMR spectrum.2,61 While the precessional resonance peak occurs in the GHz regime for ferromagnets in the presence
of reasonable magnetic ﬁelds, the nutation peak occurs in the THz
regime.55,62,63 Even though the characteristic timescales of the spin
nutation, g, has been predicted within the range of 1–100 fs,49,56 the
experimental ﬁndings show that g  300 fs in CoFeB.55 The additional nutation resonance peak appears at a frequency  nutation  1=g,
that is higher than the FMR frequency.2,64
Beyond the ferromagnetic magnetization dynamics, a linear
response theory of inertial magnetization dynamics applied to antiferromagnets shows much promising signiﬁcance of spin nutation. The
reduction of antiferromagnetic precession resonance frequencies is
stronger than that of the ferromagnets due to the generally higher precession frequencies in antiferromagnets. In fact, for antiferromagnets,
the precession and nutation resonance frequencies both lie in the THz
regime. This offers an advantage of detecting nutation dynamics in
two-sublattice antiferromagnets over ferromagnets. Moreover, the
nutation resonance peak in antiferromagnet is exchangeenhanced.65,66 The latter implies that antiferromagnetic nutation resonance should be better detected in the experiments.65,67 Exploiting the
nutation might enable advanced pathways for magnetization switching. In this highly nonlinear regime, both the precession and nutation
frequency depend on the magnetization direction. Exploration of such
nonlinear nutation dynamics opens a completely different ﬁeld within
the realm of nonlinear magnetization dynamics.
We note that in antiferromagnets, the intrinsic inertial dynamics
is also caused by the exchange interaction, where the exchange energies, created by the tilting of spin moments, are dynamically transformed to the anisotropy energies.68 Such inertial dynamics, however,
do not lead to the spin nutation in antiferromagnets as we have discussed here.
B. Field-derivative dynamics
The rFDT provides a nonlinear effect in the large damping limit.
Such rFDT arises due to the fact that not only the magnetic ﬁeld from
the laser pulse couples to the spins, but also the time-derivative of the
magnetic ﬁeld couples to the spins. Such differentiation additionally
introduces a 90 phase shift in the effective magnetic ﬁeld, and, thus,
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the same phase shift is also expected in the coherent magnon excitation as well. The explicit LLG equation with the rFDT reads as69


c
aVuc _
eff
_
mðtÞ
¼

m

B
HðtÞ
ð1 þ a2 Þ
cMS


ca
aVuc _
eff

m

m

B
HðtÞ
;
(8)

ð1 þ a2 Þ
cMS
where m ¼ M=MS . The sublattice index a has been omitted here as
discussed earlier. Note that both ﬁeld-like and damping-like contributions of the rFDT are present in Eq. (8). While the ﬁeld-like rFDT
scales with the damping parameter a, the damping-like contribution
scales with a2 . At the low damping limit, a  1, one can ignore the
damping-like rFDT contributions, keeping only the ﬁeld-like rFDT
terms that are linear in damping. As soon as the damping becomes
larger, both of these rFDT terms contribute, leading to a nonlinear
magnetization response. Such effects have been recently investigated
in ferrimagnetic iron garnet Tm3Fe5O12 in the low damping limit.70 It
is, thus, reasonable to foresee experimental veriﬁcation of rFDT in the
nonlinear (large damping) regime as well in the near future.
III. PHONON-ASSISTED NONLINEARITIES
Intense light pulses in the THz frequencies are also capable of
driving ionic motions via collective excitations of one or more lattice
(phonon) modes. Consider, for example the case of ErFeO3, which
upon excitation, the oxygen ions perform rotational motion as
depicted in Fig. 3(a). Such motions would modify the crystal ﬁeld73
felt by the ions that carry spins in material (in the present, Fe3þ at the
3 2
center of the octahedron). As a result of this, the ground state t2g
eg
electronic wavefunction at each Fe3þ ion mixes with the excited-state
orbitals. The moving ions, thereby, perturb the angular momentum of
the electronic ground state behaving as an effective magnetic ﬁeld
given by @Heff =@Mc ¼ iaabc Qua Qub that concomitantly trigger the
magnetic excitations.71 Here, a, b, and c are the crystallographic axes,
aabc is the magneto-elastic susceptibility, Qua and Qub are the phonon
eigenvectors corresponding to the infrared active in-plane phonons in
ErFeO3, and Mc is the static magnetization. Upon direct lattice excitation with an intense 20 THz pulse, the polarization of the 800 nmprobe oscillates as a function of pump-probe delay time, see Fig. 3(c).
The coherent oscillations, thereby, reveal a number of Raman-active
modes [shown in Fig. 3(d)], such as the 3.36 THz A1gþB1g phonon
and the 4.85 THz B1g phonon [within the fast oscillations plotted as
gray in Fig. 3(c)]. In addition, the excitation of a coherent quasiantiferromagnetic mode at 0.75 THz was also observed [shown as red
oscillations in Fig. 3(c)]. With the ultrafast intense THz excitation, a
pair of phonon-polariton response is initiated within the material.
This pair propagates within the material with a very high speed of
0:4  108 m/s and carries an effective magnetic ﬁeld of 36 mT, which
then acts as a source for the excitation of the spin waves.71 The effective magnetic ﬁeld can be made larger, either by increasing the incident THz ﬁeld strength or by optimizing the choice of phonon modes
with a proper phase matching condition via pulse shaping.
Phonon-induced magnetism has also been realized in yet another
rare-earth orthoferrites—DyFeO3.72 The material displays strong
exchange interactions between the spins of the transition metal ion
and the rare earth ion along with a strong orbital momentum of the
rare-earth ion. This leads to a ﬁrst-order spin-reorientation phase
transition accompanied by a change in the magnetic symmetry from
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FIG. 3. Phonon-assisted nonlinearities. (a) The ionic motion that leads to an elliptically polarized phononic ﬁeld in an orthorhombically distorted perovskite structure of ErFeO3.
(b) Schematic of the spin motion corresponding to S1 and S2 for the 0.75 THz quasi-antiferromagnetic mode. (c) 20 THz-Pump-induced 800 nm-probe polarization changes in
ErFeO3 at 100 K. By applying a 1.5 THz-cutoff low-pass ﬁlter, the fast oscillations (gray) can be ﬁltered out, thereby revealing the 0.75 THz quasi-antiferromagnetic magnon
mode (red). (d) Spectrum of the oscillatory signal in (c) that shows the 0.75 THz quasi-antiferromagnetic magnon, the 3.36 THz Raman phonon with A1g þ B1g symmetry and
the 4.85 THz Raman phonon with B1g symmetry. (e) Excitation of the Bu phonon mode, where the orange arrows indicate the atomic motion of the oxygen ions in DyFeO3. (f)
The magnetic potential F as a function of the angle that the spins form with the y-axis before (dashed black line) and after (orange line) phonon excitation. The spin conﬁgurations corresponding to the antiferromagnetic and weakly ferromagnetic phases are indicated by the red and the blue arrows, respectively. The destabilization of the antiferromagnetic ground state is indicated by the orange arrow. Time-resolved Faraday rotation of the probe polarization after light excitation with photon energies of 85 meV (orange
traces) and 165 meV (black traces, control experiment) performed in the (g) antiferromagnetic and (h) weak-ferromagnetic phases. (i) The central frequency of the excited soft
mode as a function of the photon energy of the pump pulse in the antiferromagnetic (red) and the weak-ferromagnetic (blue) phase. Reprinted with permission from Nova
et al., Nat. Phys. 13, 132 (2017). Copyright 2017 Springer Nature Limited. Reprinted with permission from Afanasiev et al., Nat. Mater. 20, 607 (2021) Copyright 2021 Springer
Nature Limited.71,72

the antiferromagnetic phase to the weakly ferromagnetic phase.74 By
using a sub-picosecond intense THz pulse that is in resonance with a
phonon mode [as shown in Fig. 3(e)], a coherent spin-reorientation
can be driven, concomitantly developing a long-living weak ferromagnetic order. Figure 3(f) shows schematically that the light-induced
oscillations of atoms can be driven far from their equilibrium positions, altering the strength of the Fe–Dy exchange interaction75,76 and,
hence, realizing lattice control of the spin arrangement on an ultrafast
timescale. When pumped in resonance with the lattice vibrational
mode at 20.56 THz (¼ 85 meV), the light-induced dynamics of the
Faraday signal shows coherent oscillations in both the antiferromagnetic and weak-ferromagnetic phases, corresponding to spin precession around their respective equilibrium, see Figs. 3(g)–3(h). Upon
Fourier transforming these oscillations, it was found that the spin
precession is shifted oppositely for the two phases [see the insets of
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Figs. 3(g)–3(h)]. While the red shift indicates a ﬂattening of the potential energy in the vicinity of the antiferromagnetic minimum, the blue
shift results from an increased curvature of the potential and enhanced
phase stability in the vicinity of the weak-ferromagnetic minimum,72
as shown in Fig. 3(i).
Resonant excitation at ultrafast timescales can in fact be achieved
for both longitudinal and transverse optical phonon modes. Recent
experiments show that while excitation of transverse mode only results
in a thermal demagnetization, the longitudinal modes in the magnetic
garnet ﬁlm reveal a peculiar magneto-elastic switching mechanism.77
The achieved switching further dictates that the nonlinear phononassisted strain assures that the strain pulse generated by the phonon
mode is shorter than the magnetization precession period. Resonant
pumping of infrared-active phonons with intense ultrashort multiTHz pulses, in addition, reshapes the magnetic potentials to initiate
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ultrafast magnetization dynamics and ultimately coherent magnetic
phase transitions.77
Phono-magnetic effects75,78 clearly provide a promising toolkit to
control magnetization dynamics at fast timescales. The effective magnetic ﬁelds that are provided by the phonon analogs of the IFE and
ICME on the spins are either comparable or potentially even larger
than the opto-magnetic ﬁelds.75,79–81 The phonon-modulated
exchange interactions occur on a picosecond timescale, during which
there is a redistribution of energy among the phonons and the spins.
The angular momentum, however, is only transferred between the
spins. The ﬂow of the angular momentum can occur via a direct
exchange torque or through the transfer of the spin-polarized electrons.82 Such transfer of the angular momentum between the spin sublattices plays a determinant role in the switching of magnetization
when excitation by a femtosecond laser pulse.77
IV. HIGHER-ORDER MAGNON MODES
Magnons are referred to as collective spin waves associated with
the spin dynamics in a magnetic material. Experimentally, they reveal
themselves through free induction decay-like signals when excited by
continuous or pulsed THz ﬁelds. A good example is the excitation of
spins in antiferromagnetic NiO with the help of THz pulses via
Zeeman-torque.84 Note that the observation in Ref. 70 is still in the linear excitation regime. It is, however, possible to take such a magnon
mode to the nonlinear regime, i.e., beyond the perturbative regime,
once the driving THz ﬁeld approaches amplitudes of 10 T or more.
Another example of a typical antiferromagnetic magnon [a schematic
of the mode is shown in Fig. 4(a)] signals from single crystals of
YFeO3 in time and frequency domains are shown in Figs. 4(b) and
4(c), respectively. The THz-active magnon modes can be interpreted
as cooperative motions of two sublattices with different spin structures.
The higher-order (nonlinear) magnon signals provide extensive
insights on the microscopic picture of the spin interactions and hence
the magnetization dynamics. In 2D nonlinear THz spectroscopy,34,36,85–87 such nonlinear signals can be accessed by using a pair
of time-delayed intense THz pulses, A and B, which is similar to the
conventional 2D magnetic resonance spectroscopy. The nonlinear
THz ﬁeld BNL ðts ; sdelay Þ [the magenta curve in Fig. 4(e)] is obtained by
using the relation BNL ðts ; sdelay Þ ¼ BAB ðts ; sdelay Þ  BA ðts ; sdelay Þ
BB ðts Þ, where sdelay is the delay time and ts is the sampling time of
the THz pulses. BA (BB ) are the transmitted THz magnetic ﬁelds measured with only pulse A (B), see the blue (red) curves in Fig. 4(d). BAB
is the transmitted THz magnetic ﬁeld when both pulses A and B have
interacted with the sample [see the black curve in Fig. 4(e)].
The observed nonlinearities of purely magnetic origin can be
understood in terms of multiple ﬁeld-spin interactions. These interactions lead to second-order or third-order nonlinear magnon signals,
for example, magnon spin echoes and 2-quantum signals. Lu et al.
demonstrated that the presence of such signals in single crystals of
YFeO3 reveals pairwise correlations between the magnons at the
Brillouin zone center.33 Similar preliminary investigations also show
potentials for driving nonlinear signals of ferrimagnetic magnon
modes in rare-earth-doped garnets.88 One can also express such magnetization dynamics within the framework of coupled LLG equations
similar to Eq. (1) for more than one sublattice. The time-dependent
effective magnetic ﬁeld in Eq. (1) for each sublattice can be calculated
1 @H
as Beff
a ¼  c @Sa , where H is the spin Hamiltonian of the system that
a
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describes the microscopy of the interactions89 leading to the observed
nonlinear signals. In the case of YFeO3, H can be expressed as
X
H ¼  JðS1  S2 Þ þ D  ðS1  S2 Þ 
ðKi S2ai Þ
 BA ðts ; sdelay Þ þ BB ðts Þ 

X

i ¼ a; b; c
a ¼ 1; 2

ca Sa ;

(9)

a

where the ﬁrst term describes the antiferromagnetic coupling between
the neighboring spins S1 and S2 that has a negative exchange constant
J. The second term describes the Dzyaloshinskii–Moriya interaction
with the anti-symmetric exchange parameter D. The third term
accounts for the crystalline anisotropy, corresponding to the orthorhombic crystal structure of YFeO3, while the last term is the Zeeman
interaction between the spins and the incident THz magnetic ﬁelds,
thereby accounting for the THz-ﬁeld-induced nonlinearities in the
precession of spins.
In the 2D spectrum corresponding to both the ferromagnetic and
the antiferromagnetic modes of YFeO3 [see Fig. 4(f)], a complete set of
vð3Þ nonlinear signals have been observed. These signals are: the Apump-B-probe (PP) signal, the B-pump-A-probe [also called the nonrephasing (NR) peak], the ABB photon echo [also called the rephasing
(R) peak], and the AAB photon echo [also called the 2-quantum (2Q)
peak]. Additional vð2Þ nonlinear spectral peaks due to second harmonic
generation (SHG) and THz rectiﬁcation (TR) were also identiﬁed in the
antiferromagnetic mode 2D spectrum.33 These signals are emitted by
the vð2Þ magnetization resulting from sum- and difference-frequency
mixing of the magnon coherences generated by each THz pulse.
The excitation of a weak three-magnon bound state has been
demonstrated recently in a quasi-one-dimensional antiferromagnet
a-NaMnO2 below the antiferromagnetic ordering transition83 using
neutron scattering measurements, see Figs. 4(g)–4(i). This provides an
appealing platform for anisotropic triangular antiferromagnets with
weak, Ising-like single-ion anisotropy in exploring the dynamics of
composite magnon states. There are theoretical proposals of noncollinear magnetic order in magnetic systems that can also harbor a
higher-order topological magnon phase and hinge magnon modes,90
and of three-magnon parametric interaction in a magnetic vortex
ground state.91 The geometry of the magnetization texture is also capable of driving higher-order magnon modes. Using Brillouin light scattering microscopy, it was recently shown that whispering gallery
magnons can be generated with unprecedented high wavevectors via
nonlinear 3-magnon scattering in a lm-sized magnetic Ni81Fe19
discs92 that are known to inherently exhibit a magnetic vortex structure.93,94 While the discussed nonlinearities are within the perturbative
regime of light-matter interactions, it is possible to go toward the nonperturbative regime, if the THz magnetic ﬁelds can be enhanced by
using magnetic metamaterials or resonant cavities. Cavity enhancement would allow us to explore the anharmonic couplings between
the magnetic modes and the anharmonic magnetic potentials—
features that are yet to be explored.
V. CAVITY-ENHANCED NONLINEARITIES
A cavity, of speciﬁc interest, is a limited space that can be
designed to trap or conﬁne electromagnetic radiation with a desired
wavelength (such as, microwave or THz). The conﬁnement simply
enhances the spectral amplitude of desired electromagnetic waves
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FIG. 4. Higher-order magnon modes. (a) A schematic of the antiferromagnetic mode in YFeO3. (b) THz signal transmitted through the YFeO3 that is followed by free induction
decay (FID) signal (marked within the dashed box) corresponding to the antiferromagnetic mode. (c) The spectra showing the antiferromagnetic resonance at 0.53 THz and
the ferromagnetic resonance at 0.30 THz. (d) The individual antiferromagnetic magnon signals induced by the two THz pulses. (e) The magnon signal in the presence of both
THz pulses when the delay between the two pulses is 3.7 (ps) (BAB , black) and the magniﬁed nonlinear signal (BNL , magenta). (f) The 2D THz spectra for the antiferromagnetic magnon in YFeO3. The vð3Þ spectral peaks include rephasing (R), non-rephasing (NR), pump-probe (PP), and 2-quantum (2Q) peaks, while vð2Þ includes the second harmonic generation (SHG) and THz rectiﬁcation (TR) peaks. (g) Three magnon excitation branches dispersing along the intrachain direction of quasi-one-dimensional
antiferromagnet a-NaMnO2 below the ordering temperature. (h) A slice through the intensity map in (g) centered at the antiferromagnetic zone center, K ¼ 0.5. The intensity
spectrum clearly shows the three-magnon bound state with n ¼ 3 along with the n ¼ 1 and n ¼ 2 modes. (i) Temperature dependence of the three-magnon bound state at the
quasi-1D zone center. Reprinted with permission from Lu et al., Phys. Rev. Lett. 118, 207204 (2017). Copyright 2017 American Physical Society. Reprinted with permission
from Dally et al., Phys. Rev. Lett. 124, 197203 (2020). Copyright 2020 American Physical Society.33,83

within the conﬁned cavity space. It is possible to ﬁll such a cavity with
a magnetic material and subsequently tune the interaction of the cavity
photons with that of the magnons—the elementary excitations of the
magnetic order in the magnetic material.97,98 As early as 2010, it was
predicted that photons in a microwave cavity strongly couple to the
dynamics of small ferromagnetic spheres99 and within the next three
years, the observation of strong coupling in the form of an anticrossing of the collective precession of the magnetization with microwave cavity modes was reported100 that concomitantly marks the
beginning of cavity magnonics. Upon conﬁning magnetic Y3Fe5O12
(YIG) spheres in a co-planar cavity made of high-purity copper100
[such as the one shown in Fig. 5(a)] or split-ring resonators101,102 or
3D microwave cavities,95,103,104 a strong coupling between the cavity
mode and the ferromagnetic Kittel mode have been demonstrated—
see the anti-crossing between the two modes in Fig. 5(b). It has also
been theoretically reported that by increasing the ratio between the
magnet and the cavity sizes, an ultra-strong coupling regime can be
entered,104 while experimental evidence is yet to be shown. A rather
direct implication of this is that one can dramatically enhance the electric and magnetic ﬁeld amplitudes of the electromagnetic radiation of
desired wavelengths. Cavity magnonics is a rather emerging ﬁeld
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where several cavity-enhanced nonlinearities have been predicted. If
the magnetization dynamics are driven into the nonlinear regime, the
coupling features, such as the bistability, become dependent on the
driving power of the electromagnetic ﬁeld. It has been theoretically
shown that if two magnon modes are trapped in a microwave cavity
[similar to the schematic shown in Fig. 5(c)], it is possible to entangle
these modes via the nonlinear Kerr effect105 as the systems are driven
far from equilibrium. The nonlinearities of ferromagnets in microwave
cavities have been explored in both the classical and quantum regimes
in order to assess the resources for quantum information. Strong coupling of microwave cavity photons with multiple magnon modes
forms collective bright mode and dark mode that precesses in phase
and out of phase, respectively, with the magnetic ﬁeld.96 Figure 5(d)
shows an illustration of the magnon bright and dark modes. Upon
bringing the frequencies of the two magnon modes closer (be setting
DH ¼ 0), the absorption of the central mode vanishes, giving rise to
the dark magnon mode [see Fig. 5(e)]. The two remaining resonances
emerge from the hybridization of the bright magnon mode with the
cavity photon mode. The formation of bright and dark modes provides evidence of coherent long-range coupling of spatially separated
magnets. Such non-local coupling between distant magnets in a cavity
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abundant, and thus, it is very natural to expect experimental evidence
of cavity-enhanced magnonics and the associated enhanced magnon
nonlinearities at THz frequencies in the near future. The demonstration of THz split-ring resonators to enhance the magnetic near-ﬁeld,
normal to the HoFeO3 crystal surface in order to drive the nonlinear
magnetization dynamics,106 provides a promising hint toward THz
cavity magnonics.
VI. FUTURE OF MAGNETIZATION NONLINEARITIES
A. Spintronics
Nonlinear ultrafast optical control of spins outstands both the
conventional magnetic ﬁeld-based control and the linear optical control. Nonlinear control of spins inherently beneﬁts from its ever-faster,
less dissipative, and easier topologically controlled performance—the
future of spin-based devices. Spintronics is an emerging ﬁeld in the
applied research direction, where the efﬁcient manipulation of spin
degrees of freedom in quantum systems is one of its most central
themes. Nonlinear magnetization control can signiﬁcantly widen the
opportunities of spintronic devices107 enabling, e.g., the design of magnonic transistors108 or sensors with increased sensitivity.109 Direct
coupling between the magnetic or electric ﬁeld of light and the spin
system allows efﬁcient control of the spin order in an ultrafast and
less-dissipative way, in various magnetic materials. Manipulating magnons with tailored ultrafast light pulses can boost the speed of future
magnonic devices.110 Evidence of ultrafast optically induced transient
ferromagnetic state in an antiferromagnet111 showcases the development toward ultrafast opto-spintronics.112,113
B. Nonlinear inertial dynamics

FIG. 5. Magnons in a cavity. (a) A picture of a YIG sphere mounted in a rectangular
oxygen-free copper cavity. The inset shows that the sphere is glued to an alumina
rod. (b) Transmission amplitude that shows the normal-mode splitting between the
Kittel mode and the cavity mode. The amplitude of the transmission through
the cavity as a function of the probe microwave frequency and the current through
the superconducting coil that generates the magnetic ﬁeld. (c) A schematic showing
two YIG spheres and two small coils in a rectangular copper cavity. H0 is the external bias magnetic ﬁeld, DH is the magnetic ﬁeld gradient generated by the small
coils, and h magnetic ﬁeld of the microwave resonance in the cavity. (d) An illustration of the magnon bright and dark modes: The bright mode is coupled to while the
dark mode is isolated from the microwave magnetic ﬁeld. (e) Reﬂection spectra as
a function of bias magnetic ﬁeld H0 at a ﬁxed magnetic ﬁeld gradient DH ¼ 6; 0
and 6 Oe, respectively. (f) The reﬂection spectra of the cavity with eight YIG
spheres at a bias ﬁeld (H0) of 2.687 Oe (solid blue line) and 0 Oe (dashed black
line), respectively. Reprinted with permission from Tabuchi et al., Phys. Rev. Lett.
113, 083603 (2014). Copyright 2014 American Physical Society.95 Reprinted with
permission from Zhang et al., Nat. Commun. 6, 8914 (2015). Copyright 2015
Springer Nature Limited.96

can, thereby, allow long-range manipulation of spin currents. It is also
possible to trap several YIG spheres in the cavity, for example, see the
reﬂection spectrum of eight trapped YIG spheres trapped in Fig. 5(f).
At this stage, while the ﬁeld is primarily dominated by experiments in the microwave regime, note that such strong cavity magnonics can very well be expanded in the THz regime, where there are
neither any theoretical nor experimental reports. The demonstrations
of metamaterial-based cavities at THz frequencies are, however,
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The excitation of nutation resonance modes occurs within the
nonlinear regime, lasting for a few hundred femtoseconds after excitation. Even though, such excitation modes have been perceived in ferromagnets with two sublattices, its experimental observation in
antiferromagnets is a must due. Moreover, the relaxation time g is not
known in such systems. Recent experiments on epitaxial cobalt ﬁlms
also indicate toward a higher harmonics of nutation resonance.114 To
use such THz resonance in ultrafast memory technology, the objective
would be to switch the spins at nutation resonance frequencies. As the
magnetic moment is not in equilibrium with the angular momentum,
this switching mechanism is fundamentally different from the known
precessional switching.
C. Nonlinear antiferromagnetic dynamics
Notably, the success in the recent studies on the nonlinear magnetization dynamics in antiferromagnets has pushed the limits for the
future of spintronics. This stems from the impact of the antiferromagnets beneﬁting from various advantages, including robustness against
perturbations, no stray ﬁelds, ultrafast magnetization dynamics, etc.
Moreover, techniques like phononic spin control reveal the possibilities to topologically control the spin order. In addition, technical
advancement of nano-designing, such as antenna structures, allows
the local optical ﬁeld enhancement in an integrated way. Besides spintronics, coherent control of spin order can also be applied for the ultrafast read and write of the magnetic memories by adding direct spin
torques, paving the way to technological applications like race-track
memories, nonvolatile memories, and quantum computing.
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D. Nonlinear orbital dynamics
Investigations of nonlinear magnetization dynamics usually consider only spin magnetization, but also the orbital angular momentum
that gives rise to magnetic moments. Recent experiments on twisted
bilayer graphene revealed a purely orbital magnetism originating from
the Berry curvature.115,116 Although magnetic-ﬁeld and currentinduced switching have been presented, the outreach of ultrafast
dynamics of such emerging magnetic order is completely unexplored.
A quest in this direction is likely to disclose routes toward manipulating topological states of matter. Given the prominent role of Berry curvature in the emerging ﬁeld of topological condensed matter, we
anticipate groundbreaking discoveries from the exploration of ultrafast
nonlinear orbital magnetization dynamics.
VII. CONCLUSION
The tentacles of nonlinearities in the magnetization dynamics
have broadened the horizon of future technologies that would use
spins for enhancing device functionalities. The advancement in our
understandings and controlling these nonlinearities at ultrafast timescales underpins numerous applications ranging from magnonic
quantum computation to secure and high speed data transfer and
processing. In this Perspective, we have reviewed our current understanding of the outreach of nonlinearities associated with spin precessions from GHz to THz timescales. We also foresee several important
and modern aspects of spin dynamics, such as excitation of nutation
waves in fully compensated antiferromagnets, modiﬁcation of magnetization energy landscape using the intrinsic phononic coupling,
coherent excitation and control of higher-order magnon modes and
cavity quantum electrodynamics with magnons at THz energies. We
are hopeful that all these aspects will unfold within the next decade,
pushing the importance and realm of nonlinearities in the precession
of spins at ultrafast timescales.
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