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Magnetism has played a central role in the long and rich history of modern condensed
matter physics, with many foundational insights originating from theoretical studies of
two-dimensional (2D) spin systems. The discovery of 2D van der Waals (vdW) magnets
has revolutionized this area by providing real, atomically thin magnetic systems for
experimental investigation. Since the first experimental reports of antiferromagnetic
vdW insulators in 2016—followed by studies on ferromagnetic vdW systems in 2017—the
field has witnessed rapid and expansive growth, with more than two dozen vdW magnetic
materials now identified, including both ferro- and antiferromagnets. In this review, we
present a comprehensive overview of the major scientific and technological developments
in this rapidly evolving field. These include experimental realizations of various 2D spin
Hamiltonians as well as unexpected phenomena such as magnetic excitons, Floquet-
engineered states, and light-induced metastable magnetic phases. In parallel, 2D vdW
magnets have shown significant promise in spintronics and related applications, offering a
new platform for engineering quantum functionalities. We organize this review by tracing
the historical development of the field, synthesizing key milestones, and highlighting its
broader impact across condensed matter physics and materials science. We conclude
with an Outlook section that outlines several promising directions for future research,
aiming to chart a path forward in this vibrant and still rapidly growing area.
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I. INTRODUCTION

Language is a unique characteristic that separates hu-
mans from all other species. Similarly, in science, mag-
netism has served as a universal “language”, advanc-
ing our understanding of nature and driving techno-
logical innovations (Van Vleck, 1978). Magnetism has
played a pivotal role in physics since William Gilbert’s
De Magnete, Magneticisque Corporibus, et de Magno
Magnete Tellure (On the Magnet and Magnetic Bod-
ies, and on That Great Magnet the Earth), published
in 1600. Over centuries, it has inspired the development
of modern condensed matter physics, providing models
and test beds for validating and challenging theoretical
ideas. Although traditional magnets, such as horseshoe
magnets, are typically bulky and three-dimensional, low-
dimensional magnets have emerged as invaluable systems
for exploring novel theoretical concepts.

Among these, two-dimensional magnets stand out for
their role in pushing the boundaries of knowledge. Until
recently, studies of two-dimensional magnets were lim-
ited to a handful of quasi-two-dimensional, natural, or
artificial samples (De Jongh, 1990; Willmott and Huber,
2000). This changed with the discovery of vdW mag-
nets, which naturally occur as three-dimensional mate-
rials that can be exfoliated into truly two-dimensional
layers. First reported in 2016, these materials have al-
ready revealed surprising and unprecedented properties,
including the realization of true two-dimensional mag-
netism (Du et al., 2016; Kuo et al., 2016; Lee et al.,
2016a,b; Park, 2016b).

Uniquely, vdW magnets are intrinsically two-
dimensional, offering unparalleled opportunities to ob-
serve and study diverse types of magnetism with unique
properties in real materials. This review explores the sci-
entific potential and technological applications of vdW
magnets, a class of materials that has redefined our un-
derstanding of two-dimensional magnetism.

The beauty and elegance of magnetism as a research
topic lie in the simplicity of the theoretical models re-
quired to understand the experimental data. This pro-
found connection between magnetism and theoretical
physics has deep roots in modern physics. More often
than not, the interplay between experiments and theo-
ries has been mutually transformative and far-reaching.
A prime example is the observation of resistance minima
in several otherwise normal metals, such as Au, Cu, and
Pb, in the early 1930s (De Haas et al., 1934). This ex-
perimental finding eventually led to the development of
spin glass physics (Binder and Young, 1986), with the
Kondo model introduced in 1964 (Kondo, 1964) provid-
ing its theoretical foundation. The Kondo model, in turn,
became the cornerstone of heavy fermion physics (Stew-
art, 1984), illustrating how experimental discoveries in
magnetism can spawn entirely new fields.

Spin-glass physics is notable for exploring systems with
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competing interactions and disorder, where frustration
leads to a highly complex energy landscape. This con-
cept, originally developed to understand magnetic mate-
rials such as disordered alloys, has profound implications
beyond condensed matter physics. Building on this com-
plexity, spin glass theory has found applications in the
field of neural networks (Dotsenko, 1995). For example,
the Hopfield network leverages the energy minimization
behavior observed in spin glasses to store and retrieve
complex memory patterns. Thus, spin-glass physics con-
tributes not only to understanding disordered magnetic
systems but also serves as a critical framework for ad-
dressing challenges in computational and biological sys-
tems. This interdisciplinary relevance highlights the pro-
found and far-reaching impact of magnetism and its the-
oretical models.

The reciprocal relationship between experimental and
theoretical magnetism is striking. Over recent decades,
a series of material systems have emerged, including spin
glasses, heavy fermions, high-temperature superconduc-
tors, colossal magnetoresistance (CMR) manganites, and
multiferroics. Theoretically, the Kondo, Hubbard, An-
derson, and t − J models have provided critical frame-
works. A survey of historical developments reveals that
each major discovery of a material has driven advances in
theoretical understanding, which, in turn, has deepened
the understanding of material physics. This intimate
connection arises because magnetism often provides well-
defined physical systems, such as Ising-like spin glasses
or quantum spin liquids, that allow both qualitative and
quantitative analyses of phenomena. The wealth of infor-
mation gleaned from magnetic systems has been a driv-
ing force behind decades of research, bridging experiment
and theory in a uniquely productive manner.

When a magnet undergoes a phase transition, its be-
havior can often be entirely captured by a simple theo-
retical model, which falls into one of a few universality
classes. This remarkable feature, that diverse materials
and phenomena in nature can be classified into a few uni-
versal models, is one of the most captivating aspects of
phase transitions (Stanley, 1999). At the heart of this
understanding are the powerful concepts of scaling, uni-
versality, and renormalization, which provide the frame-
work for describing critical phenomena together.

Although naturally occurring materials are inher-
ently three-dimensional, two-dimensional systems hold a
unique place in theoretical physics. These systems of-
ten yield analytical solutions with profound implications,
which makes them a focal point for exploration. Among
the key models for two-dimensional magnetism are the
Ising, XY, and Heisenberg models, all described by a
common spin Hamiltonian.

H =
∑
(i,j)

Ji,j
[
(Sxi · Sxj + Syi · Syj ) + αSzi · Szj

]
(1)

where (i, j) denotes a pair of neighboring spins, Ji,j is
the exchange integral, and Sx,y,zi are the x, y, and z com-
ponents of the spin at the i site. Depending on the value
of α, this Hamiltonian describes the Ising model with
α = ∞, the XY model with α = 0, and the Heisenberg
model with α = 1.

The Ising model was the first to be solved analytically.
In 1944, Onsager used the transfer matrix method to de-
rive an exact solution for magnetization as a function of
temperature and the exchange integral (Onsager, 1944).
Today, the Ising model remains a paradigm for studying
phase transitions, with applications that extend to lattice
gases, percolation, and even modeling social networks.
The Heisenberg model (α = 1) presented a different chal-
lenge. In 1966, Mermin and Wagner, followed by Hohen-
berg in 1967, rigorously proved that continuous spin sym-
metries cannot be spontaneously broken at finite temper-
atures in two dimensions (Hohenberg, 1967; Mermin and
Wagner, 1966). Known as the Mermin-Wagner theorem,
this result underscored the role of long-wavelength fluc-
tuations in suppressing order. The XY model (α = 0)
revealed its mysteries in the early 1970s through the
work by Berezinskii (Berezinskii, 1971), Kosterlitz, and
Thouless (Kosterlitz and Thouless, 1973). Unlike ordi-
nary phase transitions, the two-dimensional XY model
undergoes a topological transition at finite temperature,
marked by a shift from bound vortex-antivortex pairs at
low temperatures to unbound vortices at higher temper-
atures.

The theoretical successes of the three models were soon
followed by experimental efforts to test their predictions.
These efforts gained even greater significance after Wil-
son’s seminal work on renormalization group theory (Wil-
son, 1983). Although all three models have been studied
using real magnetic materials, the Ising model received
the most attention with studies involving materials
such as Dy(C2H5SO4)3·9H2O (Cooke, 1960), Dy3Al5O12

(Schneider and Keesom, 1966), DyPO4 (Rado, 1969),
LiTbF4 (Als-Nielsen et al., 1975), and Rb2CoF4 (Jongh
and Miedema, 1973). Several systems, such as K2CuF4,
were used to study the XY model (Hirakawa and
Ikeda, 1973). Despite their success, these studies faced
two fundamental limitations in strictly testing the two-
dimensional nature of these models.

The first limitation arises from the intrinsic dimen-
sionality of the materials. Although systems like
Rb2CoF4 and K2CuF4 exhibit weak interlayer coupling,
they remain quasi-two-dimensional, with residual three-
dimensional interactions influencing their critical behav-
ior. This deviation from idealized models limits their
ability to replicate two-dimensional theory predictions
fully. The second challenge stems from the technical con-
straints of earlier experimental methods. Conventional
tools like bulk magnetometry, neutron scattering, and
specific heat measurements lack the spatial resolution
and sensitivities necessary to probe monolayer magnetic
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FIG. 1. Conceptual model of “magnetic graphene." The struc-
ture, created using 3D printing, features a graphene-like
framework with tiny compasses representing magnetic atoms,
illustrating the substitution of carbon atoms with magnetic
counterparts to achieve intrinsic magnetism. Copyright: Je-
Geun Park.

systems. These limitations have historically left many
properties of truly two-dimensional systems inaccessible.

Recent advances have begun to address these chal-
lenges. In the oxide materials community, techniques like
pulsed laser deposition (PLD) now enable the fabrication
of atomically thin films with exceptional precision. No-
table achievements include strain-induced ferroelectricity
in otherwise paraelectric SrTiO3 (Haeni et al., 2004) and
superconductivity at the LaAlO3/SrTiO3 (Ohtomo and
Hwang, 2004) interface. On the technical side, tools such
as magneto-optical Kerr effect (MOKE) microscopy have
revolutionized the field by enabling direct, atomic-scale
measurements of magnetic properties.

Although these advances represent significant progress,
the challenge of isolating and characterizing truly two-
dimensional magnetic systems persists. Unlike quasi-2D
materials, a monolayer must entirely eliminate interlayer
interactions, which requires breakthroughs in both mate-
rial synthesis and experimental techniques. Interestingly,
a well-known experiment of the Ising model by Kim and
Chan in 1984 tested a two-dimensional liquid-vapor tran-
sition of a monolayer CH4 on graphite (Kim and Chan,
1984), illustrating the feasibility of studying truly 2D sys-
tems in other contexts. The observation that there are no
comprehensive studies of the XY model, both structure
and dynamics, simultaneously underscores the enduring

need for experimental validation of theoretical predic-
tions in truly two-dimensional systems. The advent of
vdW magnets offers a unique opportunity to address
this gap, providing intrinsically two-dimensional mate-
rials with the potential to unlock unprecedented insights
into magnetic phenomena.

The year 2005 marked a turning point in materials
science and engineering with the first isolation of mono-
layer graphene, which opened up an entirely new field of
two-dimensional (2D) materials (Novoselov et al., 2004;
Zhang et al., 2005). Although theoretical calculations
for the electronic structure of a single graphite sheet were
first performed in 1958 (Wallace, 1947), it took nearly five
decades for scientists to realize that single layers could be
mechanically exfoliated from bulk graphite using simple
adhesive tape. This discovery not only revolutionized
materials science but also inspired the search for other
two-dimensional materials, including magnetic counter-
parts. vdW magnets emerged from this exploration,
offering a unique opportunity to study magnetism in
truly two-dimensional systems. The field has recently ex-
panded into new territories, including the groundbreak-
ing discovery that twisting two layers of graphene at spe-
cific ‘magic angles’ produces a flat band, giving rise to
various novel quantum phases (Cao et al., 2018a,b). In
particular, this phenomenon was theoretically predicted
(Bistritzer and MacDonald, 2011) before being experi-
mentally realized.

Although these developments are exciting, it is worth
noting that the underlying physics of graphene primar-
ily extends the framework of non-interaction electron
theory, such as the tight-binding model. In contrast,
decades of research on magnetic materials, especially
high-temperature superconductors, have demonstrated
how the inclusion of electron correlation, described by
the Hubbard U term, can lead to a wealth of new and in-
tricate quantum phases (Lee et al., 2006). These phases
are often diverse and delicate and reveal a level of com-
plexity beyond simple band theory.

This realization naturally leads to the idea of merg-
ing the fields of 2D materials and magnetism, giving rise
to the concept of ‘magnetic graphene’ (Fig. 1) (Park,
2016b). In this vision, each carbon atom in graphene is
replaced by a magnetic atom, creating a material with
intrinsic magnetic properties. This transformation en-
ables the study of low-dimensional magnetism in a frame-
work as structurally simple and versatile as graphene.
This hypothetical 2D magnet should be intrinsically and
naturally two-dimensional and as easily exfoliable as
graphene.

Despite its elegance, the concept of magnetic graphene
was initially dismissed as unrealistic because of the lack
of materials with the desired features. Early materials
searches, constrained by familiarity with oxides, failed to
yield results. A breakthrough was achieved with the re-
discovery of layered compounds studied in the 1970s and
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FIG. 2. Demonstration of the stability of two vdW magnets.
(a) CrPS4 remains stable for over a month when stored in a
glovebox under Ar gas. From Son et al. (2021). (b) FePS3

exhibits stability in various liquid environments, highlighting
its robustness under different experimental conditions. From
Lee and Park (2020).

1980s, particularly transition metal phosphorus trisul-
fides (TMPS3 with TM being transition metal elements)
(De Jongh, 1990): Similar systems were also found in
CrI3 and Cr2Ge2Te6, too. TMPS3 systems were known
to realize the three fundamental models of Ising, XY, and
Heisenberg magnetism simply by substituting different
transition metal ions (Fe, Ni, and Mn) at the TM sites
(Brec, 1986). This foundational work laid the foundation
for subsequent discoveries. It may be historically inter-
esting to note that the conceptual foundation of vdW
magnetic materials was already publicly articulated in
2015 at international meetings (Park, 2015, 2016a), rep-
resenting one of the earliest formal introductions of the
field.

In 2016, the first report of monolayer TMPS3—
specifically FePS3, NiPS3, and MnPS3—was re-
ported (Kuo et al., 2016; Lee et al., 2016a,b; Park,
2016b), with an independent report (Du et al., 2016).
Of particular importance was the demonstration of stable
magnetism in monolayer FePS3 (Lee et al., 2016a), con-
sistent with Onsager’s solution of the Ising model (On-
sager, 1944). Similarly, the monolayers of NiPS3 and
MnPS3 opened avenues for studying the XY and Heisen-
berg models, although new experimental tools were re-
quired to investigate their properties. These discover-
ies of antiferromagnetic (AF) monolayers were followed
by reports of ferromagnetic (FM) monolayers, including
Cr2Ge2Te6 and CrI3 (Gong et al., 2017; Huang et al.,
2017). Magneto-optical Kerr effect (MOKE) measure-
ments confirmed stable ferromagnetic signals down to the
bilayer for Cr2Ge2Te6 and the monolayer for CrI3. To-
gether, these works heralded the birth of the new field of
vdW magnets.

Adding further depth to the field, metallic vdW mag-
nets have emerged as critical systems. Their conduc-
tive properties allow for the use of traditional transport
techniques to investigate the ground states of monolayer
magnets. Notable examples include Fe3GeTe2, where
the transition temperature is tunable by external gat-
ing (Deng et al., 2018), and metallic AF systems, such

FIG. 3. Physical phenomena enabled by magnetic vdW ma-
terials. These 2D magnetic systems provide an ideal platform
for studying the behavior of fundamental magnetism models
(Ising, XY, and Heisenberg models, represented by red, pur-
ple, and cyan arrows, respectively) in the 2D limit. Magnetic
ground states in these materials can be tuned via external
perturbations such as gating, strain, proximity effects, and
moiré patterns. Furthermore, the intrinsic honeycomb lattice
of these materials enables light–matter interactions through
valley coupling at the K− and K+ points in momentum space
and edge states (gray arrows). Adapted from Burch et al.
(2018).

as Fe1/3TaS2, synthesized through the chemical interca-
lation method (Husremovic et al., 2022a). The ability
to control magnetic states in Fe3GeTe2 exemplifies how
vdW magnets could enable reconfigurable spintronic de-
vices, a key step toward energy-efficient memory and
logic technologies. Equally significant is the realiza-
tion of diverse crystal lattices in 2D magnets, includ-
ing honeycomb (e.g., TMPS3, Cr2Ge2Te6 and CrI3), tri-
angular (e.g., NiI2) (Ju et al., 2021; Song et al., 2022),
Kagome (e.g., Pd3P2S8) (Park et al., 2020), and square
(e.g., CrPS4) (Son et al., 2021). These materials have
revealed fascinating ground states, including the first
magnetic topological insulator, MnBi2Te4 (Deng et al.,
2020), and nanoscale skyrmion phases, as demonstrated
in Co1/3TaS2 (Park et al., 2023; Takagi et al., 2023).
Other promising directions include magnetoelectric ef-
fects (Zhang et al., 2025b), such as the multiferroicity
found in thin NiI2 (Ju et al., 2021; Song et al., 2022),
and spintronics applications such as spin filters (Klein
et al., 2018; Song et al., 2018), and current-controlled
magnetic state (Zhang et al., 2021a). The emergence of
magnetic moiré systems has further expanded the field,
offering platforms to study correlated phenomena and ex-
otic spin textures (Hejazi et al., 2020; Tong et al., 2018;
Xu et al., 2022).

Despite these advances, challenges remain, particularly
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concerning air stability. When exposed to air, many vdW
magnets decompose rapidly because of their volatile com-
ponents. However, recent discoveries of stable alterna-
tives, such as CrPS4 and CrSBr, highlight the progress of
the field and provide a basis for future advancements (Son
et al., 2021; Ziebel et al., 2024). These materials enable
experiments under ambient conditions, removing a sig-
nificant barrier to the practical deployment of vdW mag-
nets. Figure 2 demonstrates two such cases: one is the
exceptional air stability of CrPS4, stable for one month
when kept in a glovebox with Ar gas, and another is the
stability of FePS3, even when exposed to different liquid
environments.

With these breakthroughs in materials discovery,
fundamental physics, and applications, vdW magnets
are poised to transform our understanding of low-
dimensional systems and drive innovations across diverse
fields, from quantum technologies to spintronics.

The remainder of this article is organized as follows.
Section II introduces the foundational materials and spin
Hamiltonians essential to understanding vdW magnets.
An extensive survey of experimental studies using optical
techniques is presented in Section III. Section IV delves
into light-induced out-of-equilibrium dynamics, explor-
ing the novel phenomena that arise under nonequilib-
rium conditions. The applications of vdW magnets in
spintronics are discussed in Section V, highlighting their
potential for technological innovation. Finally, Section
VI concludes the article with a summary and outlook, re-
flecting on current progress and future directions in this
rapidly evolving field.

II. 2D VDW MAGNETS AND HAMILTONIAN

Since the first successful realization of monolayer vdW
antiferromagnets in 2016, approximately two dozen ma-
terials have been identified as members of this exciting
class. These materials can be categorized into three dis-
tinct groups based on their physical properties. The first
classification is based on the type of magnetic ground
state, distinguishing between ferromagnetic and antifer-
romagnetic materials. The second classification depends
on their electronic properties. Although most vdW mag-
nets are insulators, several metallic ferromagnets and an-
tiferromagnets have also been discovered, which hold sig-
nificant potential for spintronics applications. Although
we have a limited number of materials with interest-
ing properties such as multiferroic or topologically non-
trivial systems, they remain equally exciting and warrant
further investigation. The third category considers the
lattice structure of the magnetic ions. Most vdW mag-
nets adopt a honeycomb lattice, with the notable excep-
tion of one material forming a square lattice and a few
others forming a triangular lattice. Equally intriguing
classifications arise from their spin Hamiltonians, which

are of great academic interest, particularly concerning
the stability of magnetism in monolayer samples. Many
materials exhibit behavior consistent with the Heisen-
berg model. In contrast, a smaller but significant subset
aligns with the Ising model, and an even more limited
number corresponds to the XY model. See the summary
in Tables I and II.

A. AFM insulators & metals

The first demonstration of monolayer magnetism was
achieved using antiferromagnetic vdW magnets, such as
FePS3. However, because of the intrinsically net-zero
magnetic moment of the antiferromagnetic ground state,
initial measurements relied on Raman spectroscopy,
which leverages spin-lattice or magnon-phonon coupling.
Suitable experimental tools for studying vdW antiferro-
magnets remain limited to dates, highlighting the urgent
need to develop new techniques tailored to these materi-
als. Despite these challenges, vdW antiferromagnets have
garnered significant attention for several reasons. One
notable advantage is their ability to readily realize key
spin Hamiltonians, such as the Ising, XY, and Heisenberg
models. In addition, these materials hold great promise
for spintronics applications. Antiferromagnetic (AFM)
spintronics, in particular, offers distinct advantages over
its ferromagnetic (FM) counterpart, not least because
it avoids issues related to stray magnetic fields and can
be used for higher frequency devices. As a result, spin-
tronic devices based on vdW antiferromagnets represent
a highly promising area for future exploration. Another
notable point is that these samples are mostly stable in
air.

1. TMPS3

Transition metal phosphorus trisulfides are isostruc-
tural insulators characterized by a metal-ion honeycomb
lattice interspersed with (P2S6)2−-complex anions. Mag-
netic coupling in these materials occurs via a superex-
change pathway involving sulfur atoms, extending up to
the third-nearest interactions, denoted as J1, J2, and
J3, from the closest neighbor to the furthest neigh-
bor (Sivadas et al., 2015). These interactions are cru-
cial in determining the magnetic order (Padmanabhan
et al., 2022a). The spin direction varies between the dif-
ferent compounds: in MnPS3 and FePS3, it is perpendic-
ular to the layer, while in NiPS3, it lies along the layer
with a small canting towards the c-axis. Furthermore,
the magnetic behavior of these materials is described
by a distinct spin Hamiltonian: MnPS3 conforms to an
isotropic Heisenberg Hamiltonian, FePS3 aligns with the
Ising model, and NiPS3 follows an XXZ Hamiltonian
with XY-like behavior at a low energy limit (Joy and
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Ising XY Heisenberg

FePS3 NiPS3 MnPS3

FIG. 4. Magnetic structures of TMPS3 (TM = Fe, Ni, Mn)
alongside their respective magnetic susceptibility data. The
illustrations depict the distinct magnetic configurations of
each compound, highlighting the variations in spin align-
ments. Corresponding susceptibility measurements provide
experimental evidence of their unique magnetic behaviors
across different temperature ranges.

Vasudevan, 1992) (see Fig. 4).
FePS3

Iron phosphorus trisulfide (FePS3) represents a Mott
insulator with an antiferromagnetic Néel temperature TN
of 118 K (Rule et al., 2007). The weak interlayer Fe-Fe in-
teraction and large anisotropy along the c direction result
in long-range magnetic order, leading to a magnetic unit
cell that is twice the size of the crystallographic cell (Rule
et al., 2007). In 2016, intrinsic antiferromagnetic order in
monolayer FePS3 was reported, for the first time, through
observation of the zone-folded phonon mode due to the
doubling of the unit cell in the ordered phase emerging
at the transition temperature. When the intensity of this
Raman mode is taken as an order parameter (Lee et al.,
2016a), its temperature dependence follows a universal
curve from bulk to monolayer, consistent with the On-
sager solution for the 2D order-disorder transition. The
little dependence of the transition temperature on thick-
ness further highlights the weak interlayer interaction of
this 2D magnet (Lee et al., 2016a). Using neutron pow-
der diffraction combined with a new ultra-high-pressure
technique (up to 183 kbar) and low temperature (down to
80 K), a transition from antiferromagnetic to ferromag-
netic interplanar interaction was observed, along with a
shift from 2D-like to 3D-like magnetic character. At high
pressure, a second structural transition was identified,
along with an insulator-metal transition, the suppression
of long-range order, and the emergence of short-range
magnetic order, which persists above room temperature.
These phenomena were modeled using Monte Carlo sim-
ulations of spin configuration (Coak et al., 2021).

The easy-axis magnetic anisotropy of Fe2+ is estimated

to be 22 meV per Fe ion by two different measurements
of photoelectron emission microscopy (PEEM) (Lee
et al., 2023b) and inelastic neutron scattering exper-
iments (Lançon et al., 2016). This large magnetic
anisotropy is mainly due to the trigonal distortion of the
Fe2+ 3d bands, which produces a significant anisotropy.
Furthermore, a comprehensive 3D magnetic anisotropy
map of FePS3 was constructed using a combination of
magnetostatic models, relativistic density functional the-
ory (DFT) calculations, and experimental torque mag-
netometry measurements. This map confirmed that
the easy-axis lies perpendicular to the ab plane and re-
vealed anisotropic behavior within the ab, ac, and bc
planes (Nauman et al., 2021). Most intriguingly, re-
cent high-resolution X-ray studies have uncovered spin-
mediated shear oscillators (Zong et al., 2023) and their
dynamical criticality (Zhou et al., 2022) in FePS3, open-
ing new avenues for understanding and utilizing this ma-
terial.

MnPS3

Manganese phosphorus trisulfide (MnPS3) is a two-
dimensional (2D) antiferromagnetic Heisenberg-type ma-
terial with a Néel temperature of 78 K in bulk (Lujan
et al., 2022). However, the TN of MnPS3 varies de-
pending on the number of material layers, decreasing to
66 K in the trilayer sample due to interlayer vdW inter-
action (Lim et al., 2021). Raman spectroscopy studies of
MnPS3 from bulk to bilayer reveal changes in phonon
modes associated with Mn ion vibrations as the tem-
perature decreases, crossing TN . These changes, char-
acterized by a red shift in the Raman peaks at low
temperatures, are consistent with first-principle calcula-
tions (Kim et al., 2019c). This suggests that the magnetic
order in MnPS3 remains stable down to the bilayer limit.
MnPS3 exhibits three distinct phases, identified by Ra-
man spectroscopy at different temperatures. Beyond the
Néel temperature, a second transition at 120 K corre-
sponds to a magnetic phase transition driven by 2D spin
critical fluctuations (Sun et al., 2019a). The Néel-ordered
state in MnPS3 enables a linear magnetoelectric phase
by breaking spatial inversion and time-reversal symme-
tries. This magnetoelectric phase remains stable to a
thickness of 5.3 nm, as demonstrated by optical second-
harmonic studies (SHG) (Chu et al., 2020). The same
technique reveals that the long-range Néel antiferromag-
netic order persists from the bulk down to the bilayer,
while the short-range order and magnetoelastic coupling
emerge below 200 K (Ni et al., 2021b). Most notably,
MnPS3 exhibits a giant modulation of optical nonlinear-
ity through Floquet engineering, marking a significant
advance in its potential applications (Shan et al., 2021).

NiPS3

Nickel phosphorus trisulfide (NiPS3) is an XXZ-type
antiferromagnetic material with a Néel temperature of
155 K (Kim et al., 2019b; Wildes et al., 2015) and
spin S = 1 on a honeycomb lattice (Lançon et al.,
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2018). The magnetic behavior of NiPS3 is highly de-
pendent on its thickness, becoming particularly unstable
in monolayer form (Ni et al., 2021b). Thin layer flakes
of NiPS3, including the monolayer, have been success-
fully mechanically exfoliated and analyzed using Raman
spectroscopy, which revealed distinct differences between
thin layers and bulk material below the Néel temper-
ature (Kuo et al., 2016). Further investigation utiliz-
ing spectroscopic ellipsometry, X-ray absorption, pho-
toemission spectroscopy, and density functional theory
has identified an anomalous shift at the magnetic or-
dering temperature, suggesting a strong correlation be-
tween electronic and magnetic structures (Kim et al.,
2018b). The intrinsic Zhang-Rice singlet also gener-
ates a spin-orbit exciton state that originates from a
coherent Zhang-Rice-triplet-to-singlet transition. This
exciton state, characterized by a narrow linewidth, has
been observed through X-ray scattering, photolumines-
cence, and optical absorption measurements (Kang et al.,
2020). These highly anisotropic quantum excitons coex-
ist with multiple phonon-bound states (Hwangbo et al.,
2021) and spin-induced linear polarization of photolu-
minescence under external magnetic fields (Wang et al.,
2021a).

The magnetic structure of NiPS3 features a-axis
magnetic moments and isotropic magnetic susceptibil-
ity (Wildes et al., 2015). Inelastic neutron scattering
detected a magnetic excitation at the Brillouin zone cen-
ter at 7 meV. Fitting these experimental data to the
Heisenberg Hamiltonian yielded exchange parameters of
up to three layers: J1 = 1.9 meV, J2 = −0.1 meV,
and J3 = −6.9 meV (Wildes et al., 2015). Pressure
has shown potential in tuning the magnetic behavior of
NiPS3, inducing a collapse of magnetic order and leading
to an insulator-metal transition (Ma et al., 2021). Elec-
tron doping also modulates its properties, with antiferro-
magnetic–ferrimagnetic transitions occurring at a doping
level of 0.2 to 0.5 electrons/cell (Mi et al., 2022). Substi-
tuting Ni with Mn induces a spin-flop transition, which
offers the potential for application in 2D magnets (Bas-
net et al., 2021). In addition, ultrafast terahertz ex-
periments reveal exciton-driven antiferromagnetic metal
states (Belvin et al., 2021) and magnetically brightened
dark electron-phonon bound states (Ergeçen et al., 2022)
in NiPS3, highlighting its multifaceted magnetic and elec-
tronic properties.

CoPS3

Cobalt phosphorus trisulfide (CoPS3) exhibits a Néel
temperature TN = 120 K and XY-like anisotropy, with
no phase transitions observed between 2 and 300 K un-
der an external magnetic field of up to 10 T (Wildes
et al., 2017). A detailed investigation using powder-
inelastic neutron scattering, combined with an XXZ-type
Hamiltonian, revealed the magnetic excitation of CoPS3.
The exchange parameters J1, J2, and J3 were estimated
as −2.08, −0.26, and 4.21 meV with strong easy-axis

anisotropy K = −2.06 meV (Kim et al., 2020a). The
ratio between the interlayer and intralayer exchange pa-
rameters J ′/J was also estimated to be 0.03 (Liu et al.,
2021c).

CrPS4

Chromium thiophosphate (CrPS4) has a monoclinic
crystal structure, with Cr atoms occupying octahedral
sites formed by surrounding S atoms, which enclose
P atoms in tetrahedral coordination. It hosts an A-
type antiferromagnetic order with a Néel temperature of
36 K (Louisy et al., 1978; Pei et al., 2016b). The antifer-
romagnetic structure consists of out-of-plane ferromag-
netic monolayers coupled antiferromagnetically between
layers (Peng et al., 2020). Electrical resistivity measure-
ments confirm its semiconducting behavior with a band
gap of 0.166 eV. Magnetic exchange constants J1 and Jc
were determined to be 0.143 and −0.955 meV, respec-
tively (Calder et al., 2020). In the atomically thin limit,
CrPS4 shows crystallographic orientation along the diag-
onal rows of the Cr atom, exhibits strong in-plane opti-
cal anisotropy, and reveals lattice vibrations highly de-
pendent on thickness. The photoluminescence peak at
1.31 eV arises from a d-d type transition associated with
Cr3+ ions (Lee et al., 2017). Furthermore, CrPS4 has
demonstrated stability against air exposure for up to one
day in monolayer, bilayer, and trilayer forms while main-
taining its magnetic order (Son et al., 2021).

TM1/3MS2: TM = transition metal elements,
M = Ta, Nb

TM1/3MS2 (TM = 3d transition metals, M = Ta, Nb)
are promising materials for studying metallic antiferro-
magnetism in a triangular lattice (Parkin and Friend,
1980a,b). These compounds are derived from the well-
known metallic 2H-MS2, with triangular layers of tran-
sition metals (TM) intercalated in the vdW gap of 2H-
MS2. This intercalation results in a chiral structure with
a non-centrosymmetric P6322 space group (No. 182) and
induces inversion symmetry breaking (Lu et al., 2020).
Charge transfer from TM atoms to 2H-MS2 leads to di-
valent (TM2+) or trivalent (TM3+) TM ions, localizing
magnetic moments at TM sites. Remarkably, these ma-
terials possess diverse magnetic ground states depending
on the specific TM and M elements used. Furthermore,
TM1/3MS2 can be mechanically exfoliated down to a few
atomic layers (Su et al., 2020), allowing the exploration
of noncollinear antiferromagnetism and associated topo-
logical physics in a truly two-dimensional framework.

B. FM insulators & metals

Unlike antiferromagnetic vdW magnets, ferromagnetic
vdW magnets offer a distinct advantage: it is relatively
easier to measure their ferromagnetic signals. For in-
stance, optical probes such as the magneto-optical Kerr
effect (MOKE) technique have been widely used in study-
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ing ferromagnetic vdW magnets, leading to the first
demonstration of monolayer ferromagnetic CrI3 and bi-
layer Cr2Ge2Te6. Since then, several other ferromagnetic
vdW magnets with diverse spin Hamiltonians have been
discovered (see Table III). More recently, attention has
been shifted to room-temperature ferromagnetic systems,
such as Fe5GeTe2. These ferromagnetic materials, such
as spin filters in the early stages, have been explored
for spintronics applications. With the discovery of room-
temperature ferromagnetism, various attempts have been
made to develop spintronic devices that operate at room
temperature.

Cr2Ge2Te6 and Cr2Si2Te6
Chromium germanium telluride (Cr2Ge2Te6 or simply

CrGeTe3) belongs to the M2X2Te6 chalcogenides fam-
ily and has a rhombohedral structure, as confirmed by
X-ray single crystal diffraction. Neutron powder diffrac-
tion reveals its ferromagnetic order with a Curie tem-
perature TC of about 61 K, below which a weak out-of-
plane anisotropy exists (Carteaux et al., 1995). Micro-
Raman measurement across a wide range of temperatures
(from 10 to 325 K) on thin flakes of CrGeTe3 confirms
strong spin-phonon coupling in the ferromagnetic phase
below Curie temperature (Tian et al., 2016). Since 2017,
CrGeTe3 has become an important ferromagnetic mate-
rial due to direct observation of long-range ferromagnetic
order by MOKE in nanoflakes of a few layers (Gong et al.,
2017). The Curie temperature decreases as the thick-
ness reduces, but increases under higher external mag-
netic fields. This temperature dependence differs from
the 3D bulk counterpart and can be considered an in-
trinsic property of a soft 2D vdW ferromagnet (Gong
et al., 2017). The material’s small out-of-plane magne-
tocrystalline anisotropy arises from a slight distortion of
the Cr-Te6 octahedral cage and spin-orbit coupling on
Cr ions. Due to strong interlayer magnetic coupling, the
effects of dimensionality are highly dependent on temper-
ature and thickness, as shown by the Curie temperature
dependence (Gong and Zhang, 2019). Furthermore, mi-
croarea Kerr measurements on five-layer flakes encapsu-
lated between two hexagonal boron nitride (hBN) layers
reveal a strong field effect. Below TC, tunable magnetiza-
tion loops are observed at different gate voltages, which
may rebalance the spin-polarized band structure (Wang
et al., 2018b).

Cr2Si2Te6 hosts a similar structure but a larger easy-
axis magnetic anisotropy and a lower bulk Curie tem-
perature of 33 K (Grasso and Silipigni, 2002). Its large
band gap, similar to Cr2Ge2Te6, significantly suppresses
electronic conduction and can be reduced by inducing
short-range crystal disorder through defects. For exam-
ple, applying a high pressure above 10 GPa can induce
an insulator-to-metal transition at low temperatures (Liu
et al., 2022b). Both positive and negative magnetoresis-
tance coexist in this compound, reaching a ratio of up to
60% under an in-plane field and 1000% under an out-of-

plane field (Li et al., 2021). This nonlinear magnetore-
sistance effect depends on the thickness, magnetic field,
and temperature of the sample. The nonlinear behavior
transitions to a linear one as the sample thickness changes
in a temperature range above the Curie temperature (Li
et al., 2023a). Furthermore, proton fluence can tune the
magnetic properties of Cr2Si2Te6, especially the satura-
tion magnetization and magnetic anisotropy, as revealed
by electron paramagnetic resonance spectroscopy (Itur-
riaga et al., 2024).

CrX3

The structure of chromium trihalides (CrX3, e.g. CrI3,
CrBr3, and CrCl3) is isostructural, consisting of a hon-
eycomb octahedral network of Cr ions, each coordinated
by six monovalent halide anions at the corners (McGuire
et al., 2015b; Zhang et al., 2015a). These compounds
stack in a monoclinic phase at high temperatures (220 K
in CrI3 (McGuire et al., 2017), 420 K in CrBr3 (Morosin
and Narath, 1964), and 240 K in CrCl3 (McGuire et al.,
2017)) and in a rhombohedral phase at lower tempera-
tures. On the magnetism side, the superexchange cou-
pling dominates the exchange pathways in CrX3 through
the halide ions. The ferromagnetic order within a sin-
gle layer arises from the ∼90◦ bond angle between two
Cr3+ and one halide ion, which aligns with the prediction
of the Goodenough-Kanamori-Anderson rule (Kanamori,
1959; Zhang et al., 2015a). While CrI3 and CrBr3 ex-
hibit out-of-plane easy-axis anisotropy (McGuire et al.,
2015b), CrCl3 exhibits easy-plane anisotropy (McGuire
et al., 2017). Efforts were also made to control the mag-
netic anisotropy characteristic by adjusting the Br doping
concentration in CrCl3−xBrx (Abramchuk et al., 2018).

CrI3
CrI3 is another important material with fascinat-

ing scientific examples (Huang et al., 2017). In bulk
CrI3 (Huang et al., 2017), the interlayer exchange is fer-
romagnetic, with a Curie temperature of 61 K. However,
the situation is more complex and differs significantly for
a few-layer CrI3. The monolayer CrI3 has been identi-
fied as an Ising ferromagnet with an out-of-plane spin
orientation, as confirmed by MOKE and a Curie temper-
ature of 45 K, which is lower than the bulk value due to
weak interlayer coupling (Huang et al., 2017) and strong
anisotropy down to the single layer (Lado and Fernández-
Rossier, 2017). The bilayer CrI3 forms an A-type Ising
antiferromagnet, where the intralayer spins are ferromag-
netically coupled, but the interlayer spins are antiferro-
magnetically aligned, both layers preferring the out-of-
plane easy-axis (Huang et al., 2017).

Similarly, the spins in the third layer align paral-
lel to the intralayer spins but antiparallel to the sec-
ond layer along the out-of-plane direction, and the pat-
tern continues in further layers. Consequently, the bi-
layer CrI3 exhibits a metamagnetic effect, while the tri-
layer CrI3 restores the net magnetization (Huang et al.,
2017). Magnetic order in CrI3 can be detected via mag-
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TABLE III. This table summarizes the key properties of ferromagnetic vdW magnets, including their Curie temperature
(Tc), coercive field (Hc), and saturated magnetization (MS). These parameters are crucial for understanding these materials’
magnetic behavior and potential applications in spintronic and quantum technologies. Full references are provided for each
entry to guide further reading and verification of the data.

Formula TC (K) HC (Oe) Saturation magnetization References
(µB/magnetic Ion)

Cr2Si2Te6 33 3270 at 2 K 3.08 (Casto et al., 2015; Giri et al., 2021)
Cr2Ge2Te6 66 312 at 2 K 3.24 (Giri et al., 2021; Gong et al., 2017)
Fe3GeTe2 223 33 at 2 K* 1.6 (Chen et al., 2013b; León-Brito et al., 2016)
Fe3GaTe2 350∼380 1014 at 3 K 1.68 (Zhang et al., 2022a)
Fe4GeTe2 270 1000 at 2 K 1.8 (Seo et al., 2020)
Fe5GeTe2 310 3000 at 2 K 2 (May et al., 2019)
1T-VSe2 Above R.T. 112 at 10 K 15 µB / f.u. (Bonilla et al., 2018)
1T-CrTe2 Above R.T. 50 at 2 K* 1.7 (Huang et al., 2021)
Fe1/3TaS2 38 19000 at 2 K 4.1 (Mangelsen et al., 2020)

VI3 55 9100 at 2 K 1.3 (Son et al., 2019)
CrBr3 37 200 at 2 K 3.8 (Kim et al., 2019d; Tsubokawa, 1960)
CrI3 61 200 at 10 K 3.1 (McGuire et al., 2015a; Pan et al., 2022)

* : Note this is bulk; few-layer shows larger coercivity

netic circular dichroism (Huang et al., 2017) and electron
tunneling (Klein et al., 2018; Song et al., 2018; Wang
et al., 2018a), which can be tuned by electrostatic gat-
ing (Burch, 2018; Huang et al., 2018; Jiang et al., 2018a;
Wang et al., 2018b). The modulation of magnetic order
by hydrostatic pressure has also been reported. For ex-
ample, the bilayer CrI3 can transform from a layered an-
tiferromagnetic phase to a ferromagnetic phase, while the
trilayer CrI3 can have three coexisting phases: ferromag-
netic and antiferromagnetic (Song et al., 2019). A spin-
flip transition in bilayer CrI3 occurs when a 0.7 T out-
of-plane magnetic field is applied, and in thicker flakes,
increasing the magnetic field can induce layer-by-layer
switching (Song et al., 2018).

In addition, an acoustic magnon mode at 0.3 meV
and an optical magnon mode at 17 meV were observed
in the bilayer and bulk CrI3, which were absent in the
monolayer counterpart (Cenker et al., 2021). Addition-
ally, CrI3 has a centrosymmetric structure, which the-
oretically forbids SHG. However, a large emergence of
SHG has been reported, originating in the layered an-
tiferromagnetic order (Sun et al., 2019b). Furthermore,
spontaneous helical light emission (at 1.1 eV) varies with
different interlayer magnetic order: 50% helicity for the
ferromagnetic monolayer, almost fully spin polarized for
the ferromagnetic bilayer, and a vanishing value for the
antiferromagnetic bilayer (Seyler et al., 2018a). These
magneto-optical effects have been used to tune inelastic
scattering light by controlling the odd or even layers of
the scattering surface (Huang et al., 2020).

CrBr3
In bulk chromium bromide (CrBr3), the interlayer ex-

change between two adjacent layers is also ferromag-

netic, with a Curie temperature of 37 K (Huang et al.,
2017; Tsubokawa, 1960). The monolayer CrBr3 is fer-
romagnetic, but its Curie temperature is slightly lower
at 30 K, as determined by various independent meth-
ods (Kim et al., 2019a,d; Zhang et al., 2019). CrBr3
maintains its ferromagnetic order regardless of thick-
ness (Li et al., 2019a). Unlike CrI3, the spontaneous
emission of helical light at 1.35 eV has been observed
in monolayer CrBr3 with ∼20% circular polarization,
and it also displays spin-polarized behavior in the bi-
layer (Zhang et al., 2019). To preserve these air-sensitive
materials down to the monolayer limits for spintronics
application, MgO was developed as a removable com-
bined protection-encapsulation passivation layer. This
layer protects samples from air exposure for up to 1 year,
making it suitable for vertical devices (Galbiati et al.,
2020).

CrCl3

Successful exfoliation of chromium chloride (CrCl3)
has been reported down to the monolayer limit. Two
anomalies in heat capacity at 14 and 17 K confirm the
occurrence of two distinct stages during cooling: Specif-
ically, a ferromagnetic correlation is formed before the
long-range antiferromagnetic order is established. Ad-
ditionally, the anomaly in magnetic susceptibility sug-
gests spin-lattice coupling, which was confirmed by first-
principle calculation (McGuire et al., 2017). Antifer-
romagnetic interlayer exchange was observed in CrCl3
with a magnetic ordering temperature of 17 K in few-
layer CrCl3 (Wang et al., 2023b). CrCl3 exhibits per-
sistent layered antiferromagnetism down to the bilayer,
with easy-plane anisotropy normal to the c-axis, showing
no preferences for the in-plane polarizing direction (Klein
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et al., 2019). The dominant form of magnetic anisotropy
is the shape anisotropy in CrCl3 (Klein et al., 2019).
The insulation properties of CrCl3 were studied using
ligand-field photoluminescence, and a phase diagram for
a bilayer CrCl3 was summarized (Cai et al., 2019). Fur-
thermore, a nearly ideal easy-plane, single monolayer of
CrCl3 constructed on graphene/6H-SiC(0001) exhibited
the critical scaling characteristic of a 2D-XY system,
indicating the realization of the Berezinskii-Kosterlitz-
Thouless phase transition (Bedoya-Pinto et al., 2021).

VI3
Similar compounds can be explored by replacing Cr

with other transition metals, such as VI3, another type
of trihalide. Magnetic measurements and calculation of
the band structure revealed a transition temperature of
79 K, where structural and heat capacity changes oc-
cur. This hard ferromagnetic Mott insulator exhibits
Ising-type spins along the easy-axis (c-axis) and an op-
tical band gap of 0.67 eV. It also has a high degree
of anisotropy and pressure-dependent magnetic proper-
ties (Son et al., 2019). Magnetocrystalline anisotropy was
thoroughly investigated by applying a magnetic field in
the ab plane and an orthogonal plane to the ab plane.
In the orthogonal plane, two-fold symmetry persists at
different temperatures, with a maximum tilt of 40◦ from
the normal of the basal ab plane.

In contrast, in-plane measurements show a transition
from a two-fold-like angular signal to a six-fold-like an-
gular signal at Tc, and another six-fold-like signal ap-
pears as the temperature approaches Tc = 26 K (Ko-
riki et al., 2021). Furthermore, two more transition tem-
peratures were observed at 54.5 and 53 K, correspond-
ing to the onset of ferromagnetism on the crystal sur-
face. Tc strongly depends on pressure, reaching 99 K at
7.3 GPa (Valenta et al., 2021). Measurements from vari-
ous methods confirmed the strong moisture degradation
and showed that the magnetic properties of single crystal
VI3 did not change significantly after the first two hours
of exposure (Kratochvílová et al., 2022).

Fe3GeTe2
Iron germanium telluride (Fe3GeTe2, or FGT),

a ferromagnetic material with strong out-of-plane
anisotropy (Tan et al., 2018), features Fe3Ge slabs stay-
ing within the vdW gap of Te layers, with a bulk Curie
temperature of approximately 220 K (Chen et al., 2013a;
Deiseroth et al., 2006). Exfoliating Fe3GeTe2 is mechan-
ically challenging, although this can be facilitated by
techniques assisted with gold (Velicky et al., 2018) or
alumina-assisted techniques (Deng et al., 2018). More-
over, Tc increases as the Fe composition increases, de-
creasing the lattice constant a and increasing the lattice
constant c (Li et al., 2019a). Tc also depends on the
number of layers, dropping from 207 to 130 K when the
sample thickness is reduced to fewer than five layers (Fei
et al., 2018). Due to the difficulty in material growth,
efforts have been made to prepare a larger monolayer of

FGT. In particular, a method with a 6%-monolayer yield
was reported in 2022 using a liquid-phase exfoliation as-
sisted by three-stage sonication (Ma et al., 2022).

Several efforts have been made to modulate the mag-
netic characteristics of Fe3GeTe2. These properties can
be tuned by cobalt doping (Hwang et al., 2019), ap-
plying high pressure (Wang et al., 2019b), etc. Mag-
netic circular dichroism spectroscopy has revealed a de-
crease in exchange interaction and magnetocrystalline
anisotropy under pressure and temperature (Wang et al.,
2020a). The magnetic anisotropy energy of FGT can
be modulated by the electric-field-driven 3d-orbital occu-
pancy, leading to a tunable negative differential conduc-
tance (Zhao et al., 2021). Remarkably, ionic liquid gating
has been used to enhance the Curie temperature of a four-
layer Fe3GeTe2 to approximately 305 K, well above the
bulk Curie temperature of around 205 K. Many attempts
have been made to increase Tc under normal conditions
to realize room-temperature applications of 2D magnetic
materials. A direct strategy to achieve this is to add
more Fe atoms to the slabs, as seen in Fe4GeTe2 and
Fe5GeTe2 (Seo et al., 2020), where Tc can reach 310 K in
bulk and 280 K in a thin flake, as confirmed by anomalous
Hall effect measurements (Liu et al., 2022a; May et al.,
2019). In Fe5GeTe2, Tc can also be enhanced, and its
ferromagnetic states can even be changed to an antifer-
romagnetic phase using cobalt substitution (May et al.,
2020). This family of materials holds promise for appli-
cations, such as using few-layer film Fe5+xGeTe2 grown
by molecular beam epitaxy to make planar spiral induc-
tors (Li et al., 2023b), or understanding the nontrivial
electronic topology in Fe3−xGeTe2 (Macy et al., 2021).
In addition, replacing Ge with Ga atoms results in an-
other room temperature vdW magnet, Fe3GaTe2, with
Tc ranging from 350 to 380 K (Zhang et al., 2022a).

As the first vdW ferromagnetic metal to be inves-
tigated, Fe3GeTe2 is extremely suitable for developing
spintronic concepts and applications. Large tunable tun-
neling magnetoresistance effects have been widely stud-
ied in various Fe3GeTe2-based spin valve devices (Min
et al., 2022), such as Fe3GeTe2/hBN/Fe3GeTe2 (Wang
et al., 2018c), Fe3GeTe2/MoS2/Fe3GeTe2 (Lin et al.,
2020), Fe3GeTe2/InSe/Fe3GeTe2 (Zhu et al., 2021b), and
Fe3GaTe2/GaSe/Fe3GaTe2 (Zhu et al., 2023b). Further-
more, a plateau-like spin resistance has been unexpect-
edly observed in twisted FGT/FGT homojunctions with-
out spacer (Hu et al., 2020; Kim et al., 2020b). Spin-orbit
torque and current-driven switching have also been re-
ported in Fe3GeTe2/Pt systems (Alghamdi et al., 2019;
Wang et al., 2019a). Furthermore, Fe3GeTe2 exhibits
a topological nodal line with a large Berry curvature,
leading to a large anomalous Hall effect (Kim et al.,
2018a), an anomalous Nernst effect (Xu et al., 2019), and
most importantly, gigantic intrinsic spin-orbit torque (Jo-
hansen et al., 2019; Zhang et al., 2021a). A series of works
has focused on this direction. Zhang et al. reported that
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an in-plane current can tune the hard spin state to a soft
state in nanoscale FGT devices by substantially reduc-
ing the coercive field. This surprising finding is possi-
ble because the in-plane current produces an unusually
large spin-orbit torque in a single FGT without any heavy
metal layer. This spin-orbit torque is directly related to
the large Berry curvature and its band topology, which
can alter the spin-related free energy landscape (Zhang
et al., 2021a).

Using this principle, a new spin device model was
demonstrated, in which highly efficient nonvolatile
switching and multilevel states are achieved with a tiny
current (Zhang et al., 2021b). They further devel-
oped this spin model into an all-vdW classic three-
terminal SOT device using FGT/hBN/FGT heterostruc-
ture, where the spin configurations are written by
the spin-orbit torque and read by the tunneling spin-
resistance separately in a decoupled way (Cui et al.,
2024). More recently, it was reported that inversion
symmetry breaking occurs through SHG in this previ-
ously thought centrosymmetric material (Zhang et al.,
2024d), adding another contribution to spin-orbit torque
and resolving the remaining puzzle. Independent groups
have also contributed to this direction in various ways:
SHG measurements to support the intrinsic spin-orbit
torque in bulk Fe3GeTe2 (Martin et al., 2023); imag-
ing of current-driven switching and determination of mo-
tion velocity (Robertson et al., 2022); and three stud-
ies employing Fe3GaTe2, with the same structure as
Fe3GeTe2, demonstrated similar phenomena and broad-
ened the scope of giant intrinsic spin-orbit torque and
device switching (Deng et al., 2024; Yan et al., 2024a;
Zhang et al., 2024a).

CrSBr
Recently, chromium sulfur bromide (CrSBr) has at-

tracted attention due to the coupling of its electronic
properties and the layered A-type antiferromagnetic or-
der (Göser et al., 1990), which sensitively affects its
Wannier excitons (Wilson et al., 2021). CrSBr is struc-
turally orthorhombic with the D2h space group and ex-
hibits a Néel temperature of 132 K in bulk (Lee et al.,
2021a). The monolayers of CrSBr display intralayer fer-
romagnetism and interlayer antiferromagnetism. As the
temperature decreases between 100 and 40 K, the mag-
netic fluctuation of CrSBr slows down, leading to an in-
termediate long-range magnetically ordered state, with
spin freezing occurring below 40 K. CrSBr has uniax-
ial anisotropy in the plane, which is inherited from the
anion structure (López-Paz et al., 2022; Pawbake et al.,
2023). One promising application of CrSBr is as a 2D
magnetic semiconductor. The band gap has been ex-
perimentally found to be 1.51 eV at 200 K and com-
putationally estimated as 2.1 eV (Bianchi et al., 2023).
Electron transport in CrSBr is tunable by controlling the
carrier concentration through an electrostatic gate, re-
vealing the strong coupling between magnetic order and

charge transport (Telford et al., 2022). Structural control
of CrSBr has been used to tune the material’s physical
properties. For example, an electron beam was used to
drive a local phase transformation, where the new con-
figuration exhibits in-plane ferromagnetism and weak in-
terlayer antiferromagnetism (Klein et al., 2022).

CrTe2 and 1T-VSe2
In addition to the classic materials mentioned above,

other materials with significant potential remain to be
further explored despite fewer reports. One such mate-
rial is CrTe2, which maintains ferromagnetic long-range
orders up to 300 K and down to the ultrathin limit.
Furthermore, the magnetoresistance of CrTe2 changes
sign from −0.6% at 300 K to +5% at 10 K (Sun et al.,
2020). Another material of interest is 1T-VSe2, which has
been investigated using x-ray magnetic circular dichro-
ism. Although no long-range ferromagnetism was ob-
served, the study revealed the presence of short-range fer-
romagnetism and antiferromagnetic interactions between
neighboring vanadium ions (Sumida et al., 2022).

C. Multiferroic materials

The magnetoelectric (ME) effect is a fundamental con-
cept in modern condensed matter physics, referring to
the ability to control magnetic polarization electrically or
electric polarization magnetically. Two-dimensional (2D)
vdW magnets have emerged as a new class of materials,
demonstrating novel ME effects with diverse manifesta-
tions. Several important vdW magnets exhibit multifer-
roicity in two dimensions, including spin-charge corre-
lations, the atomic ME effect, current-induced intrinsic
spin-orbit torque, and the electrical gating and magnetic
control of their electronic properties. Due to their intrin-
sic two-dimensional nature, vdW magnets with these ME
effects represent an exciting frontier in condensed matter
research, offering vast potential for innovative scientific
exploration and technological development.

NiI2: Atomically thin multiferroic NiI2
Bulk nickel iodide (NiI2) undergoes a transition from

monoclinic to trigonal layered structure at 59.5 K. A
paramagnetic to antiferromagnetic transition occurs at
a Néel temperature TN of 75 K, which decreases to 35 K
in trilayer flakes and 20 K in bilayer (see Fig. 5(a),
highlighting the role of interlayer coupling (Ju et al.,
2021). Monolayer and few-layer flakes of this material
can be grown in h-BN and SiO2/Si and applied in tran-
sistor fabrication, achieving a high on/off ratio of up to
106 (Liu et al., 2020b). In 2021, Ju et al. initially pro-
posed that the multiferroic order persists down to bilayer
exfoliated nanoflakes of natural NiI2 (Ju et al., 2021),
while another group reported similar SHG in monolayer
NiI2 grown on h-BN substrates by physical vapor depo-
sition (Song et al., 2022). However, many ongoing ef-
forts on this compound remain controversial and have
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(a) (b)

FIG. 5. Two examples of vdW magnets exhibiting exotic
phases: (a) a multiferroic state in NiI2. From Ju et al. (2021),
and (b) a magnetic topological insulating state in MnBi2Te4.
From Deng et al. (2020).

yet to be clarified. Multiferroic-enabled magnetic exci-
tons may also appear in a 2D quantum-entangled system
such as NiI2 (Son et al., 2022). The symmetry breaking in
this material could enable magnetic excitons, which arise
from Zhang-Rice-triplet and Zhang-Rice-singlet states.
This mechanism produces an optical absorption peak at
1.384 eV with a 5 meV linewidth. Another interesting
report was recently made using optical tools that NiI2
hosts large chiral magnetoelectric correlations in two di-
mensions with a record dynamical magnetoelectric cou-
pling constant α(ω) in the terahertz spectral range (Gao
et al., 2024).

NiPS3: Atomic magnetoelectric effect in NiPS3

NiPS3 is a charge transfer (CT) insulator characterized
by zigzag antiferromagnetic ordering (Kim et al., 2019b,
2018b; Wildes et al., 2015). Previous studies have esti-
mated that CT energy is negative (Kim et al., 2018b) or
within a small positive range, spanning 0.9 to 2.5 eV (He
et al., 2024; Kang et al., 2020; Yan et al., 2021). The
low CT energy, coupled with strong pd-σ hybridization,
allows the doubly degenerate unoccupied Ni eg orbitals
to mix with the occupied ligand p orbitals of the six sur-
rounding sulfur atoms. This leads to the spontaneous for-
mation of self-doped ligand holes (Khomskii, 1997). The
interaction between an electron at the Ni site and a self-
doped ligand hole results in spin-orbital entangled many-
body states within the NiS6 octahedron, manifesting as
spin-triplet and orbital-singlet states (Belvin et al., 2021;
He et al., 2024; Kang et al., 2020; Kim and Kim, 2023).
These CT states are similar to the Zhang-Rice triplet
(ZRT) states predicted for high-Tc cuprates (Maekawa
et al., 2013; Zhang and Rice, 1988). When ZRT states
are formed in each NiS6 octahedron, two types of or-
thonormal S 3p holes can populate sulfur sites, forming
spin-triplet states with neighboring Ni 3d orbitals. Under
zigzag magnetic ordering, two distinct edge-shared sulfur
sites emerge, defined by the spin alignments of adjacent
Ni ions: S1 sites with parallel spin alignments and S2 sites

with antiparallel alignments. At S1 sites, the electron-
hole orbitals share the same spin, whereas at S2 sites
the spins are opposite. Charge disproportionation be-
tween these sulfur sites induces charge-stripe modulation,
which may result in local electronic dipole polarization.
Many-body calculations suggest that exchange interac-
tions (Hund’s coupling) between self-doped holes can cre-
ate charge deviations of approximately 0.002–0.003|e| be-
tween S1 and S2 sites, generating a local dipole polariza-
tion of about 0.1–0.2 µC/cm2 per NiS6 octahedron (Kang
et al., 2020). This atomic magnetoelectric effect plays
a significant role in the spin-charge coupling observed
in optical excitations (Ergeçen et al., 2022; Kim et al.,
2018b; Klaproth et al., 2023).

Fe3GeTe2: Gigantic Intrinsic SOT in Fe3GeTe2
The spin-orbit torque effect (SOT) in vdW ferro-

magnetic materials, particularly Fe3GeTe2, represents a
transformative development in spintronics. SOT arises
from spin polarizations generated by spin-orbit coupling
mechanisms such as the spin Hall or Edelstein effect.
This torque enables efficient manipulation of magneti-
zation, which traditionally requires ferromagnet/heavy-
metal bilayer structures (Kurebayashi et al., 2022; Man-
chon et al., 2019). Fe3GeTe2—a vdW ferromagnetic
metal with a high Curie temperature (∼200 K) and
strong perpendicular magnetic anisotropy (Fei et al.,
2018; Tan et al., 2018)—exhibits intrinsic SOT with-
out the need for heavy metal layers. Recent investiga-
tions have discovered exceptionally efficient intrinsic SOT
in Fe3GeTe2. Symmetry analysis reveals that only one
specific SOT coefficient (Γ0) remains active due to the
crystalline symmetries of the material (Johansen et al.,
2019). This coefficient significantly alters the spin-related
free-energy landscape, reducing magnetic anisotropy and
switching barriers. The theoretical atomic magnetoelec-
tric (ME) coefficient is approximately 30 Oe/(mA/µm2),
which closely matches experimental measurements of
around 50 Oe/(mA/µm2) (Zhang et al., 2021a). This
large ME coefficient is attributed to the material’s sub-
stantial Berry curvature, stemming from its topological
nodal-line band structures.

Experimental findings have demonstrated a dramatic
reduction in the coercivity driven by SOT, validated
through coercivity measurements, theoretical simula-
tions, and angular magnetoresistance studies. Fe3GeTe2
shows an SOT efficiency that exceeds that of conven-
tional heavy metals (Zhang et al., 2021a), such as Pt
and Ta, by a factor of 100, highlighting the strong ME
effect rooted in its unique band topology. Independent
studies using second-harmonic electrical transport tech-
niques have further confirmed these results (Martin et al.,
2023). The SOT effect in Fe3GeTe2 is closely related to
its symmetry characteristics. Although initially consid-
ered centrosymmetric, the broken inversion symmetry,
likely induced by Fe vacancies, has been identified in Fe-
deficient samples using the SHG technique (Zhang et al.,
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2024d). This defect-induced symmetry breaking influ-
ences the material’s band topology and quantum behav-
iors, enabling phenomena such as non-reciprocal trans-
port and non-linear optical responses. The intrinsic SOT
and ME effects in Fe3GeTe2 have opened new avenues
in magnetic memory technology. Devices utilizing this
material achieve reductions in switching current density
and power dissipation by factors of 400 and 4000, re-
spectively, compared to Pt-based systems (Zhang et al.,
2021b). Furthermore, these devices support multilevel
states, increasing data capacity with up to eight states
per device (Zhang et al., 2021b). Recent demonstra-
tions using Fe3GaTe2 at room temperature have repli-
cated similar physical and memory functionalities, rein-
forcing its potential for industrial-scale SOT-MRAM ap-
plications (Deng et al., 2024; Yan et al., 2024b; Zhang
et al., 2024a).

D. Magnetic topological materials

Magnetic topological materials combine magnetic or-
dering with topologically protected electronic states,
leading to unique phenomena such as the quantum
anomalous Hall effect and magnetic Weyl semimetals.
The interplay of symmetry, magnetism, and topology
makes these materials a central focus in condensed mat-
ter physics. For this reason, intensive efforts have been
made to discover new vdW magnets with nontrivial
topology. Although the list is relatively short, they
present exciting new scientific opportunities and warrant
continuing interest.

MnBi2Te4
Manganese bismuth telluride (MnBi2Te4) has been

confirmed as an antiferromagnetic topological insulator
through ab initio calculations and experimental tech-
niques (see Fig. 5(b)) (Otrokov et al., 2019). The sur-
face of symmetry breaking (0001), reported in the same
study, indicates a large bandgap in the topological surface
state. Various methods have determined that a Bi-Te
flux-grown MnBi2Te4 sample exhibits a Néel temperature
TN of 24 K. Below TN, MnBi2Te4 displays A-type anti-
ferromagnetic order along the c-axis. The material also
exhibits strong spin-lattice coupling, as demonstrated by
the effects of critical scattering on thermal conductiv-
ity near TN (Yan et al., 2019). As the temperature in-
creases, MnBi2Te4 undergoes a transition from a canted
antiferromagnetic phase to a ferromagnetic phase. Spin
excitations (magnons) and fluctuations also depend on
the thickness of the flake (Lujan et al., 2022). More-
over, the potential for interlayer magnetophotonics has
been explored through anomalies observed in magneto-
Raman spectroscopy near the phase transition (Padman-
abhan et al., 2022a). Interdisciplinary research combin-
ing experiments and first-principles calculations has high-
lighted the potential of Mn(SbxBi1−x)2Te4 as an intrin-

sic magnetic topological insulator within an optimal re-
gion of the Sb-Bi phase diagram (Chen et al., 2019). In
the MnBi2nTe3n+1 family, the dominance of the topo-
logical insulator Bi2Te3 was investigated using cryogenic
low-frequency Raman spectroscopy for n = 1, 2, 3, 4 (Cho
et al., 2022).

Co1/3TaS2

The layered metallic triangular lattice antiferromagnet
Co1/3TaS2 has garnered significant recent interest due
to its distinctive non-coplanar triple-Q magnetic ground
state. This material undergoes two antiferromagnetic
phase transitions at TN1 = 38 K and TN2 = 26.5 K. Neu-
tron diffraction measurements have revealed that both
phases develop magnetic Bragg peaks at the M-points of
the Brillouin zone (Qν = Gν/2, ν = 1, 2, 3), where Gν

are reciprocal lattice vectors related by 120◦ rotations
about the c-axis (Park et al., 2023; Takagi et al., 2023).
A key observation below TN2 is the emergence of a large
spontaneous Hall conductivity, σxy(H = 0), which rules
out the possibility of a multi-domain single-Q magnetic
order for T < TN2. Such a configuration would violate the
symmetry constraints imposed by time-reversal symme-
try combined with lattice translations (τ1aT ) (Park et al.,
2023; Takagi et al., 2023), making it incompatible with
the observed Hall conductivity. Instead, triple-Q order-
ing below TN2 has been conclusively established through
a combined analysis of neutron diffraction and bulk elec-
trical transport measurements, clarifying the symmetry
of the magnetic state. The potential for obtaining atom-
ically thin flakes of Co1/3TaS2 through mechanical exfo-
liation (Park et al., 2022) or chemical intercalation (Hus-
removic et al., 2022b; Husremović et al., 2024) highlights
its promise as a versatile platform for studying the two-
dimensional limit of triple-Q magnetism. In this regime,
the material could exhibit topologically nontrivial spin
textures, offering exciting opportunities to explore novel
magnetic and electronic phenomena.

E. Spin Hamiltonian

The spin Hamiltonian is essential for understanding
the magnetic properties and interactions in vdW mag-
nets. It provides a theoretical framework for describing
complex spin dynamics, anisotropies, and exchange in-
teractions in these low-dimensional systems. VdW mag-
nets, with their intrinsic two-dimensionality and tunable
properties, host a variety of exotic magnetic states, such
as skyrmions and noncollinear spin textures, which can
be captured and analyzed through the spin Hamiltonian.
This understanding is crucial for designing vdW mag-
netic materials for spintronics applications and exploring
novel quantum phenomena in reduced dimensions.

A generic spin Hamiltonian can be written in the fol-
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(a) (c)
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FIG. 6. Representative inelastic neutron scattering data
showcasing three types of spin Hamiltonians in vdW magnets:
(a) Ising Hamiltonian in FePS3. From Lançon et al. (2016);
(b) XY Hamiltonian in NiPS3. From Scheie et al. (2023); and
(c) Heisenberg Hamiltonian in MnPS3. From Calder et al.
(2021).

lowing formula:

H =
∑

[J (Si,xSi+1,x + Si,ySi+1,y) + αSi,zSi+1,z]

+K
∑

(Si,z)
2
, (2)

where Si,x(y,z) is the x(y,z) component of the magnetic
moment at the ith site. J is the exchange interaction
between the neighboring magnetic moments, and α is the
ratio between two exchange integrals for the x/y and z
components. K represents the magnetic anisotropy, with
a positive value indicating an in-plane anisotropy and a
negative value indicating an out-of-plane anisotropy. The
following diagram illustrates how the generic formula can
realize the three fundamental spin Hamiltonian.

Ising Model
One of the most important intellectual motivations be-

hind the study of vdW magnets is to test the theoretical
predictions experimentally made decades ago regarding
the three fundamental spin Hamiltonian. Among these,
the Ising model has played a pivotal role in shaping the
field due to its symbolic position in the history of mag-
netism. The Ising model can be realized in the earlier
generic model by taking the limit of α = ∞.

The Ising model was the first to be solved analyti-
cally. In 1943, Onsager solved the Ising model for two
dimensions: Onsager used the transfer matrix method to
drive an exact solution for magnetization as a function of

temperature and the exchange integral (Onsager, 1944).
This result not only demonstrated a phase transition at
finite temperature, but also introduced concepts such as
critical exponents and universality, which have become
foundational in modern statistical mechanics.

Despite its seminal contribution, no real experimental
tests have been conducted using monolayer magnetic ma-
terials. This changed in 2016 when FePS3 demonstrated
stable magnetism in monolayer form using Raman spec-
troscopy (Lee et al., 2016a). Interestingly, FePS3 exhibits
an exceptionally large out-of-plane magnetic anisotropy
of 22 meV per Fe ion, as observed in both photoelectron
emission microscopy (PEEM) (Lee et al., 2023b) and in-
elastic neutron scattering experiments (see Fig. 6(a))
(Lançon et al., 2016). This large magnetic anisotropy is
understood to arise from the trigonal distortion of the
Fe2+ 3d bands, which produces a significant anisotropy.

Afterwards, similar efforts have been made with
vdW ferromagnets, with notable examples of Cr2Ge2Te6
(Gong et al., 2017) and CrI3 (Huang et al., 2017). Both
systems have used MOKE measurements to detect fer-
romagnetic signals from thin samples. The magnetism
remained stable to the bilayer of Cr2Ge2Te6, while sta-
ble magnetism is observed in the monolayer CrI3. An-
other interesting vdW ferromagnet is Fe3GeTe2, which
has been shown to exhibit stable magnetism in the mono-
layer form (Deng et al., 2018). Furthermore, it was shown
that the transition temperature of few-layer Fe3GeTe2
can be controlled and even tuned to room temperature.

XY Model
When the α term in the generic model becomes zero,

the spin Hamiltonian reduces to the XY model, where the
spin fluctuates only within the XY plane. This XY model
was theoretically investigated in the early 1970s by two
groups (Berezinskii, 1971; Kosterlitz and Thouless, 1973),
leading to an astonishing discovery of topological order.
In many ways, this discovery heralded the beginning of
what would later become the vibrant field of topologi-
cal physics. This Berezinskii-Kosterlitz-Thouless (BKT)
transition introduced the concept of topological order,
profoundly impacting our understanding of 2D systems.
Its insights have been extended to superfluidity, super-
conductivity, and even quantum computing technologies,
its importance being recognized by the 2016 Nobel Prize.

An experimental realization of the XY model was
achieved in NiPS3, where the order parameter, mea-
sured by Raman spectroscopy, remained stable down to
the bilayer before disappearing in the monolayer form
(Kim et al., 2019b). A notable recent development: re-
cent inelastic neutron scattering experiments successfully
pinned down the basic Hamiltonian of NiPS3 (see Fig.
6(b)) (Scheie et al., 2023; Wildes et al., 2022). Accord-
ing to these experiments, an XXZ model better describes
NiPS3, although it can be approximated as an XY sys-
tem in the low-energy limit. A similar XXZ model has
been observed in several compounds, including CoPS3,
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through inelastic neutron scattering experiments (Kim
et al., 2020a). Another interesting report concerns the
ferromagnetic CrCl3, for which a monolayer was grown
by molecular beam epitaxy on graphene (Bedoya-Pinto
et al., 2021). The X-ray magnetic circular dichroism
(XMCD) measurements found that the monolayer CrCl3
is a ferromagnet, in contrast to the bulk CrCl3, which is
antiferromagnetic and exhibits critical XY behavior.

Heisenberg Model
When magnetic moments are allowed to fluctuate

along the three principal axes with α = 1 in the generic
model, it becomes the Heisenberg model. The Heisenberg
model (α = 1) presented a different challenge. In 1966,
Mermin and Wagner, followed by Hohenberg in 1967, rig-
orously proved that continuous spin symmetries cannot
be spontaneously broken at finite temperatures in two di-
mensions. The Heisenberg model has been instrumental
in advancing our understanding of quantum spin systems,
particularly in identifying spin liquid states and explor-
ing quantum phase transitions, with direct implications
for experiments in quantum magnets and ultra-cold-atom
systems.

Due to the continuous spin symmetry in the three di-
rections, achieving stable magnetism in thin samples be-
comes more challenging. The intensive theoretical stud-
ies, now known as the Mermin-Wagner theorem (Mermin
and Wagner, 1966), dictate that no stable magnetism
can exist at finite temperature in ideal two dimensions
for the Heisenberg model due to strong spin fluctuations.
Generally speaking, most vdW magnets, both ferromag-
nets and antiferromagnets, fall into this category of spin
Hamiltonian. When real vdW magnets with the Heisen-
berg model were experimentally examined, it was found
that such systems do not exhibit stable magnetism. For
example, inelastic neutron scattering of MnPS3 revealed
that it follows the Heisenberg model (see Fig. 6(a))
(Wildes et al., 1998). Raman and SHG studies of MnPS3

showed that the antiferromagnetic order is rapidly sup-
pressed with decreasing thickness, eventually disappear-
ing in thin samples (Chu et al., 2020; Kim et al., 2019c).

Magnon as quasiparticle
Magnons are fundamental quasiparticles in magneti-

cally ordered materials, representing collective spin-wave
modes that carry spin angular momentum. Their disper-
sion is well defined as a function of wave vector q and
angular frequency ω. Although magnons can be directly
investigated using inelastic neutron scattering, they can
also be effectively probed through Raman spectroscopy
and terahertz (THz) spectroscopy. The magnon disper-
sion, along with their interactions—both among them-
selves and with other quasiparticles such as phonons and
excitons—provides crucial insights into the fundamen-
tal magnetic structure and allows for the experimental
determination of the exchange constants underlying the
model Hamiltonian of the magnetic system under study.
It should be noted that optical tools have played an im-

portant role in the micro-spectral study of very thin sam-
ples.

In ferromagnets, where the unit cell typically contains
a single magnetic ion, the magnon spectrum features a
single branch near the Γ point of the Brillouin zone. The
energy of this magnon mode at q = 0, often referred
to as the magnon ’gap,’ arises primarily from magnetic
anisotropy and can be directly probed using terahertz
light, whose wavelength is of the order of the submillime-
ter. This q = 0 mode, also known as the uniform mode,
represents a collective in-phase precession of all spins in
the system, effectively forming a rotating macroscopic
moment. This behavior aligns with a semiclassical de-
scription of magnetization dynamics. The uniform mode
is also called the ferromagnetic resonance (FMR), with
its characteristic frequency typically falling within the
microwave region, i.e. a few GHz or higher. As a result,
microwave spectroscopy has traditionally been the tool of
choice for investigating FMRs in ferromagnetic systems.
In contrast, terahertz spectroscopy has been particularly
useful for studying magnon modes at 50 GHz or higher
for exceptional cases of ferromagnets with high-FMR fre-
quencies.

However, antiferromagnets inherently contain at least
two magnetic sublattices per unit cell, giving rise to
at least two magnon branches near the Γ point. In a
two-sublattice antiferromagnet, the lower-energy magnon
mode is primarily determined by magnetic anisotropy,
while the higher-energy mode also reflects the strength
of the exchange interaction. The corresponding antifer-
romagnetic resonances (AFMRs) span frequencies from
approximately 100 GHz to several THz, making THz
spectroscopy an ideal technique for their investigation.
Most antiferromagnets are collinear or weakly ferromag-
netic (WF). In collinear antiferromagnets, the AFMR
modes correspond to oscillations of the antiferromagnetic
order parameter, often described as the Néel vector L,
representing the difference between the two sublattice
magnetizations. In this case, L oscillates in magnitude
while maintaining a fixed orientation in space. At zero
field, two AFMR modes are degenerate. In contrast,
weakly ferromagnetic antiferromagnets exhibit a small
net magnetization due to spin canting, where the sublat-
tice moments do not fully cancel. This spin canting intro-
duces a weak ferromagnetic component, splitting the two
AFMRs into two distinct modes: the quasi-ferromagnetic
resonance (qFMR) and the quasi-antiferromagnetic res-
onance (qAFMR). Although both modes are techni-
cally still AFMR modes, they can be interpreted differ-
ently. The qFMR mode resembles a conventional FMR
where the weak ferromagnetic moments precess in phase,
akin to the behavior of a ferromagnet. Meanwhile, the
qAFMR mode retains the characteristics of an AFMR in
a collinear antiferromagnet, where the oscillation of the
two nonparallel sublattice magnetizations resembles the
dynamics of the Néel vector L.
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III. OPTICAL STUDIES

Although traditional characterization tools such as
magnetic susceptibility measurements or inelastic neu-
tron scattering (INS) can be used to probe the magnetic
states of bulk crystals of 2D vdW magnetic materials,
such tools become impractical when it comes to thin sam-
ples of these materials due mainly to the small sample
volume. It has been demonstrated that various opti-
cal measurement techniques can be reliably applied to
study the magnetic states of thin samples of vdW mag-
netic materials. These include second-harmonic genera-
tion (SHG), Raman scattering, magneto-optical Kerr ef-
fect (MOKE), terahertz spectroscopy, photoluminescence
(PL), and optical absorption, and magneto-optical mea-
surements. Optical methods have the advantages of non-
destructive measurements and high sensitivity, although
the correlation between the optical data and the magnetic
state is sometimes indirect. In this section, the results of
the optical measurements on 2D vdW magnetic materials
are summarized.

A. Second-Harmonic Generation

1. SHG technique

Second-Harmonic Generation (SHG) is a special case of
sum-frequency generation in which the two electromag-
netic waves are identical (Shen, 1984). When a strong
pulse of a laser with frequency ω is incident in a nonlin-
ear medium, the second-order induced polarization can
be written as

P
(2ω)
i = ϵ0

∑
jk

χ
(2)
ijkE

(ω)
j E

(ω)
k ,

where i, j, and k refer to the Cartesian components and
χ
(2)
ijk are the components of the 3×6 tensor of the second-

order susceptibility (Boyd, 2020). The symmetry of the
system is reflected in the susceptibility tensor χ(2)

ijk and
consequently in the polarization dependence of the SHG
signal. Therefore, examination of the polarization depen-
dence of the SHG signal is an effective way to monitor
the symmetry changes.

In the dominant electric dipole term, the second-order
signal is nonzero only if χ(2) is finite. In centrosymmet-
ric systems with inversion symmetry, χ(2) is zero due to
symmetry, so the SHG signal is non-zero only in systems
without inversion symmetry (Boyd, 2020). In magnetic
materials, second-order susceptibility can be further writ-
ten as χ(2) = χ

(2)
i + χ

(2)
c , where the time-invariant ten-

sor χ(2)
i is responsible for the crystallographic contribu-

tion (i-type) and the time-noninvariant tensor χ(2)
c for

the spin-dependent contribution (c-type) (Fiebig et al.,
2005). Ferromagnetic (FM) ordering does not inherently

break the inversion symmetry of the crystal, whereas it is
possible to break the inversion symmetry with antiferro-
magnetic (AFM) ordering. Therefore, SHG is often used
to monitor magnetic ordering in AFM materials.

Since the SHG signal is proportional to the square of
the incident light intensity, pulsed lasers with either pi-
cosecond or femtosecond pulse widths are used to achieve
high peak intensity while keeping the time-integrated in-
tensity on the sample low to avoid damages to the sam-
ple. In a typical SHG experiment, a picosecond YAG
laser with a wavelength of 1064 nm is used as the source,
and the signal at 532 nm is measured. For samples on
substrates, the backscattering geometry is used. In this
case, an appropriate filter should be used to block the re-
flected fundamental wave at 1064 nm from entering the
detection system. In addition, a polarizer for the inci-
dent beam and an analyzer for the SHG signal are used
to examine the polarization dependence of the SHG.

2. CrI3

CrI3 is one of the most studied magnetic vdW mate-
rials and exhibits layer-dependent Ising ferromagnetism
(Huang et al., 2017). Each layer of CrI3 is ferromagneti-
cally ordered with magnetic moments in the out-of-plane
direction, whereas adjacent layers are antiferromagneti-
cally coupled. Regarding atomic structure, the bilayer
CrI3 is centrosymmetric regardless of any rigid transla-
tion between the two sheets, which prohibits i-type SHG
(Sun et al., 2019b). However, antiferromagnetic ordering
breaks both time-reversal and spatial-inversion symme-
tries, which leads to the c-type SHG. Using this unique
property, Sun et al. observed a strong SHG signal below
the critical temperature (Sun et al., 2019b). They also
showed that the polarization dependence of the SHG sig-
nal exhibits the underlying C2h crystallographic symme-
try due to the monoclinic stacking of the layers. This
indicates that polarization-resolved SHG measurements
can be used to monitor the magnetic transitions in vdW
antiferromagnets and also to probe the crystallographic
symmetry.

3. MnPS3 and MnPSe3

MnPS3 is a Heisenberg-type antiferromagnet that ex-
hibits a Néel-type ordering below the Néel temperature of
78 K (Joy and Vasudevan, 1992). Its crystal structure is
centrosymmetric and identical to FePS3 and NiPS3 with-
out magnetic ordering. However, unlike the other two,
MnPS3 loses inversion symmetry upon AFM ordering, as
illustrated in Fig. 7 (Chu et al., 2020). As shown in Fig.
7(d), all three materials show weak SHG signals above
the Néel temperature, since all of them are centrosym-
metric. This is due to the contribution of the electric
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FIG. 7. Crystal structure of MPS3 (M = Mn, Fe, Ni) viewed
along the (a) c- and (b) b- axis. (c) AFM ordered structures of
MPS3 with the arrows indicating the spin directions. FePS3

and NiPS3 have inversion symmetry, but MnPS3 does not
have an inversion center. (d) Temperature dependence of the
SHG intensity from MPS3. Adapted from Chu et al. (2020).

quadrupole to the SHG, which can be finite even in cen-
trosymmetric systems (Epperlein et al., 1987). When the
temperature is lowered below the Néel temperature, only
MnPS3 exhibits an enhancement of the SHG signal due
to the loss of inversion symmetry in the AFM ordered
structure (Chu et al., 2020). This work clearly demon-
strates that the critical behavior of the SHG signal below
the Néel temperature is a key signature of the breaking
of the inversion symmetry in the AFM state.

Ni et al. improved the sensitivity of the SHG measure-
ments and successfully measured the SHG signals from
samples of a few layers of MnPS3 (Ni et al., 2021b). They
were able to observe the enhancement of the SHG signal
at low temperatures down to 2 layers. The SHG sig-
nal was considerably suppressed for the 2-layer sample
and was unobservable for the monolayer. They were also
able to determine the Néel temperature from the temper-
ature dependence of the SHG intensity: the lowering of
the Néel temperature was observed for thicknesses below
10 layers. They also used the improved sensitivity to ob-
tain SHG intensity maps and observed domain structures
in bulk samples and samples with few layers (Ni et al.,
2021b).

MnPSe3 also exhibits inversion-breaking Néel-type
AFM ordering below the Néel temperature of 68 K (Ni
et al., 2021a). Unlike MnPS3, however, MnPSe3 has in-
plane spins with very large XY anisotropy (Wiedenmann
et al., 1981). Similarly to MnPS3, the electric quadrupole
SHG signal was observed above the Néel temperature
with a 6-fold polarization dependence pattern. Below
the Néel temperature, strong enhancement of the SHG
signal was observed, but with a 2-fold polarization de-
pendence. Using SHG imaging, they observed domains
with strong SHG signals separated by thin boundaries
with weak SHG signals (Ni et al., 2021a). The strong
SHG domains all showed the same orientation of the 2-
fold polarization dependences. Ni et al. interpreted this

2-fold polarization dependence as due to Ising-like or-
dering induced by residual strain in the samples. They
tested this hypothesis by applying an in-plane strain to
the sample, which rotated the orientation of the 2-fold
polarization pattern. They were also able to observe a
transition in a monolayer sample. Magnetic ordering is
not expected in the 2D limit in Heisenberg- or XY-type
AFM. This observation of a transition in the monolayer
could be another indication of the Ising-like order, pos-
sibly due to strain. This differs from the reports of sup-
pression of magnetic ordering in the monolayer limit in
MnPS3 (Ni et al., 2021b) or NiPS3 (Kim et al., 2019b).

4. CrSBr

CrSBr has rectangular layers that exhibit an in-plane
anisotropic FM order but AFM coupling between the lay-
ers, with a Néel temperature of 132 K (Göser et al., 1990).
CrSBr is centrosymmetric regardless of the number of
layers in the paramagnetic state. Below Néel temper-
ature, the AFM order between layers in even numbers
of layers breaks the inversion symmetry and the time-
reversal symmetry similar to the case of bilayer CrI3. In
monolayer or odd numbers of layers, the inversion sym-
metry is maintained, and so a strong enhancement of
the SHG signal is not expected below the Néel tempera-
ture. However, Lee et al. reported that the SHG signal
showed a clear enhancement below a critical temperature
of ∼146 K in the ferromagnetic monolayer CrSBr (Lee
et al., 2021a). This observation can only be explained by
invoking higher-order contributions to SHG. Since there
is a clear correlation with magnetic ordering, Lee et al.
proposed that the magnetic dipole contribution (Fiebig
et al., 2001) is responsible for the SHG below the criti-
cal temperature (Lee et al., 2021a). They also observed
that the transition temperature increases with decreas-
ing layer numbers in contrast to other 2D vdW magnets.
This is one of few examples of SHG enhancement due to
ferromagnetic ordering.

5. CrPS4

CrPS4 has monoclinic symmetry with space group C2
which does not include inversion symmetry. Below the
Néel temperature of 38 K, each layer has FM ordering,
but bulk CrPS4 shows AFM ordering with alternating
layers having opposite spin directions, similar to the case
of CrI3. The lack of inversion symmetry leads to an i-type
SHG signal, and its polarization dependence reflects the
2-fold symmetry of the monoclinic structure (Hou et al.,
2024). Since AFM ordering does not introduce inversion
symmetry breaking for this particular material, no signif-
icant change in the SHG signal is observed near the Néel
temperature. However, the SHG signal increases dramat-
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ically below a critical temperature of 25 K in the mono-
layer. The polarization dependence pattern also changes
as the temperature is changed through the critical tem-
perature. This result was interpreted as due to the ad-
ditional nonzero component χi of the susceptibility ten-
sor due to FM ordering (Hou et al., 2024). This differs
from the case of CrSBr in that the additional SHG signal
due to FM ordering can be described within the elec-
tric dipole approximation without invoking higher-order
contributions.

6. NiI2

NiI2 has a centrosymmetric crystal structure with
space group R3̄m. Bulk NiI2 exhibits two magnetic tran-
sitions: as the temperature decreases, there is a transition
to a collinear AFM phase at 76 K (TN1), and then a tran-
sition to a helimagnetic state of ferroelectric order occurs
at 58 K (TN2) (Kuindersma et al., 1981; Kurumaji et al.,
2013). The ferroelectric order induces a strong SHG sig-
nal below TN2 (Ju et al., 2021; Song et al., 2022). In
few-layer NiI2, the critical temperature for the enhance-
ment of the SHG signal decreases as the thickness is de-
creased. Ju et al. reported that the critical temperature
was ∼20 K for the bilayer, but no enhancement of SHG
was observed for the monolayer (Ju et al., 2021). They
interpreted the lack of ferroelectric order in the mono-
layer as a result of the Mermin-Wagner theorem (Mer-
min and Wagner, 1966) since the magnetic Hamiltonian
of NiI2 is of Heisenberg type. On the other hand, Song
et al. reported that they observed the transition for all
thicknesses down to the monolayer, with the critical tem-
perature of ∼20 K for the monolayer (Song et al., 2022).
They explained that the anisotropy in the Heisenberg-
type magnetic Hamiltonian supports magnetic ordering
at finite temperature in the monolayer. This disagree-
ment has yet to be reconciled. A possible explanation
is the different sample preparations: Ju et al. prepared
the monolayer sample on SiO2-covered Si substrates by
exfoliation of bulk crystals, whiles Song et al. grew a
few-layer samples on hBN substrates by physical vapor
deposition. Different interactions with the substrate may
result in different degrees of anisotropy in the Heisenberg-
type magnetic interaction that is necessary for the mag-
netic ordering. Another, though less likely, possibility is
the misidentification of the number of layers by one of
the two groups because optical contrast or atomic force
microscopy are known to be less reliable for identifying
monolayers of 2D materials.

B. Raman spectroscopy

1. Raman scattering

Raman spectroscopy is one of the most widely used
experimental tools in 2D material research (Ferrari and
Basko, 2013; Zhang et al., 2015b): it has been success-
fully used to determine the number of layers, strain, dop-
ing, crystallographic orientation, etc. In Raman scatter-
ing (Raman, 1927), the incident photons interact with
phonons in the target material and lose or gain energy
depending on whether a phonon is generated or absorbed
in the scattering process, respectively. By analyzing the
energy difference between the incident and scattered pho-
tons, one obtains information about the phonons and
the crystal symmetry. However, the scattering effect is
not limited to phonons, but other quasiparticles, such as
magnons or electronic excitations, can also produce sim-
ilar inelastic light scattering effects. It should be noted
that, because the momentum of light is negligible in com-
parison with the size of the Brillouin zone, only those
quasiparticles with zero momenta (or a group of quasi-
particles with net momentum of zero) can be probed by
Raman scattering.

In vdW magnetic materials research, Raman spec-
troscopy has successfully monitored the magnetic order-
ing in atomically thin layers. The signatures of mag-
netic ordering in the Raman spectra can be categorized
into three cases: (1) changes in the symmetry, including
the doubling of the unit cell due to magnetic ordering,
may lead to the appearance (or disappearance) of Raman
peaks; (2) magnetic ordering modifies the interaction be-
tween the atoms in the crystal resulting in the shift or
splitting of some phonon modes; and (3) genuinely mag-
netic phenomena such as magnons or spin fluctuations
show up with magnetic ordering. Raman spectroscopy
is particularly useful for studying antiferromagnetic ma-
terials because ferromagnetic materials can be directly
probed with MOKE. In the following sections, some rep-
resentative works on Raman spectroscopy of vdW mag-
netic materials are summarized.

2. FePS3 and FePSe3

FePS3 is a zigzag-type Ising AFM with a Néel temper-
ature (TN) of 118 K for the bulk. As shown in Fig. 7, be-
cause the inversion symmetry is maintained in the AFM
phase, the magnetic ordering cannot be monitored by
SHG. However, the in-plane unit cell doubles in the AFM
phase, leading to zone-folding of the in-plane Brillouin
zone. Upon zone-folding, some zone-boundary phonons
are folded back onto the zone center and become acces-
sible by Raman scattering. In the Raman spectrum of
the bulk FePS3, most of the peaks change little as the
temperature is reduced. However, a broad peak at ∼100
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FIG. 8. (a) Temperature dependence of the Raman spectrum
for bulk FePS3. (b) Temperature dependence of the magnetic
susceptibility along a or b (black spheres) and c (gray spheres)
axes. (c) Temperature dependence of the intensities of several
Raman peaks. From Lee et al. (2016a).

cm−1 undergoes a dramatic change as the temperature
is lowered through TN (Lee et al., 2016a; Wang et al.,
2016a). Four sharp peaks emerge below TN as shown
in Fig. 8(a). The intensity of the peak at the lowest
frequency, P1a, shows a good correlation with the AFM
ordering measured by magnetic susceptibility (Fig. 8(b)
and (c)). The highest frequency peak of the four new
peaks has a temperature dependence somewhat different
from those of the other 3 peaks and is determined to be
the magnon mode (McCreary et al., 2020). This magnon
mode splits under a magnetic field applied in the direc-
tion normal to the layers. Similar trends were observed in
atomically thin layers down to the monolayer, support-
ing the prediction of the Ising model that the ordering is
possible in the 2D limit (Lee et al., 2016a; Wang et al.,
2016a). This was the first demonstration that Raman
spectroscopy can be reliably used to monitor AFM or-
dering in atomically thin vdW magnets.

FePSe3 is similar to FePS3, except for the chalcogen
element. It also exhibits Ising-type zigzag AFM ordering
below TN. In the Raman spectrum, two Raman modes at
∼75 and 115 cm−1 are strongly enhanced below TN down
to the monolayer (Luo et al., 2023a). Under a magnetic
field, the peak at ∼75 cm−1 does not change apprecia-
bly, but the one at ∼115 cm−1 shows a prominent field
dependence, indicating contributions of magnons. Luo
et al. discovered that this peak has a fine structure of
five peaks that are resolved as the field increases. From
the field dependences of these peaks, they concluded that
four of them originate from hybridization of magnons and
phonons.

3. MnPS3 and MnPSe3

MnPS3 is a Heisenberg-type AFM with spins pointing
normal to the layers in the ordered state. In the Raman
spectrum of MnPS3, most of the blue modes shift mono-
tonically as a result of volume contraction as the temper-
ature is lowered. However, a peak at ∼155 cm−1 exhibits
a sudden redshift near TN, accompanied by a broaden-
ing of the line (Kim et al., 2019c; Sun et al., 2019a).
This peculiar behavior of the mode was speculated to be
the result of large fluctuations near the critical tempera-
ture and spin-phonon coupling (Kim et al., 2019c). The
correlation of this peak’s frequency and linewidth with
TN measured by magnetic susceptibility measurements
allows us to use them as indicators of magnetic ordering.
Unfortunately, however, due to the weak intensity of this
peak, the TN of the few-layer MnPS3 could only be es-
timated down to the bilayer (Lim et al., 2021). Because
MnPS3 is a Heisenberg-type AFM, no magnetic ordering
is expected in the monolayer.

In a related MnPSe3 material, the Raman signatures of
magnetic ordering are more subtle (Gillard et al., 2024;
Mai et al., 2021). Hybridization of a phonon at ∼130
cm−1 and a two-magnon excitation in the AFM state
(Mai et al., 2021) and small redshifts of several Raman
peaks below TN (Gillard et al., 2024) have been reported.

4. NiPS3

NiPS3 is an XXZ-type AFM with a TN of ∼155 K in
the bulk. Its Raman spectrum exhibits a diverse set of
changes throughout the magnetic phase transition. Fig-
ure 9(a) compares the Raman spectra of NiPS3 measured
at 295 and 10 K (Kim et al., 2019b). Several changes
are observed in the low temperature AFM phase: (1) a
broad peak centered at ∼550 cm−1 due to two-magnon
scattering appears; (2) the peak labelled P9 exhibits a
Breit-Wigner-Fano asymmetric line shape due to a Fano
resonance; (3) the P2 peak at ∼180 cm−1 appears at
slightly different Raman shifts for two different polariza-
tions; and (4) the low-frequency signal below ∼50 cm−1

is suppressed. The two-magnon signal is due to a dou-
ble spin-flip process via the exchange mechanism and is
an example of a genuinely magnetic phenomenon. Al-
though it is a hallmark of magnetic ordering, some two-
magnon signal persists beyond TN, so it is difficult to
pinpoint the transition temperature from it. The Fano
resonance is due to quantum interference between Eg-
like in-plane phonon modes and the continuum of the
two-magnon excitation. This line shape change is also
gradual as the temperature is reduced through TN. Near
the frequency of P2, there are two phonon modes with
almost the same frequencies but different symmetries in
the paramagnetic phase. In the AFM phase, the two
vibration modes are slightly modified because of the cou-
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pling with the aligned Ni spins, resulting in the splitting
of the frequencies. As a result, the peak appears at dif-
ferent Raman shifts when measured in different polar-
ization configurations. In particular, the lower-frequency
mode of the two is strong when the incident and scat-
tered photon polarizations are aligned along the a- or
b-axis of the crystal, which can be used to determine
the crystal axis of NiPS3. This splitting (∆P2) corre-
lates well with the magnetic transition determined from
magnetic susceptibility measurements [Fig. 9(b)]. Fig-
ure 9(c) shows the temperature dependence of ∆P2 for
few-layer flakes down to the monolayer. The transition
temperature is reduced slightly down to the bilayer, but
is not observed in the monolayer. The low-frequency sig-
nal centered at 0 cm−1 observed at room temperature is
attributed to ‘quasi-elastic scattering (QES)’ due to spin
fluctuations, which is reduced at low temperatures be-
cause magnetic ordering suppresses spin fluctuations. If
the Bose-Einstein factor is considered (Choi et al., 2011),
the QES signal is enhanced near TN in both polarization
configurations. The temperature dependence of the QES
signal is summarized in Fig. 9(d). The maximum spectral
weight of the QES signal is in agreement with the tran-
sition temperature determined in Fig. 4.3(c). For the
monolayer, the QES signal increases as the temperature
approaches 0 K, but never reaches a maximum. This, to-
gether with the temperature dependence of ∆P2, leads to
the conclusion that the magnetic ordering is suppressed
in the 2D limit of a monolayer, as the XY model predicts.

Furthermore, several ultra-low frequency features are
identified in the AFM phase of NiPS3. A sharp peak is
observed at ∼11 cm−1 (M1) when the incident and scat-
tered photon polarizations are aligned at 45◦ with re-
spect to the a- or b-axis [z̄(xx)z] as shown in Fig. 10(a).
When the analyzer is rotated 90◦ [z̄(xy)z], much weaker
peaks are identified at 31 (M2) and 42 cm−1 (M3) (Na
et al., 2024). Compared with the data from inelastic
neutron scattering and magneto-Raman measurements
(Jana et al., 2023a; Na et al., 2024), the peaks at 11 and
42 cm−1 are identified as one-magnon excitations. The
origin of the peak at 31 cm−1 is still unclear: its temper-
ature dependence is distinct from that of the other two.
Because the polarization dependences of the magnon
peaks do not follow the predictions of the traditional
model for one-magnon Raman scattering (Fleury and
Loudon, 1968), a more detailed theoretical model based
on spin exchanges between neighboring Ni atoms was de-
veloped with consideration of the crystal structure to ex-
plain the observed polarization dependences (Na et al.,
2024). The M1 mode is interpreted as due to the spin
exchanges between Ni atoms along the ferromagnetically
aligned zigzag direction. In contrast, the 42 cm−1 mode
is due to exchange between Ni atoms along the antifer-
romagnetically aligned armchair direction. For few-layer
NiPS3, only the M1 mode can be resolved due to the sig-
nal [Fig. 10(b)]. This mode redshifts as the thickness is

FIG. 9. (a) Raman spectra measured at 10 and 295 K in
parallel [z̄(xx)z] (black) and cross [z̄(xy)z] (red) polarization
configurations. (b) Temperature dependences of ∆P2 (cir-
cles) and susceptibility of bulk NiPS3. (c) Temperature de-
pendence of magnetic-order-induced frequency difference ∆P2

for various thicknesses. (d) Spectral weight of QES between
11 and 40 cm−1 as a function of temperature for various thick-
nesses for parallel (black squares) and cross (red circles) po-
larization scattering configurations. From Kim et al. (2019b).

reduced but is not observed in the monolayer, which is
consistent with the suppression of the magnetic ordering
in the monolayer limit. As the temperature increases,
this mode redshifts with the [1-T/TN]0.23 dependence of
the XY model [Fig. 10(c)]. Interestingly, the breathing
mode, because of the rigid vibration of the individual lay-
ers in the out-of-plane direction, also blue shifts at low
temperatures. This results from the stiffening of the out-
of-plane interlayer coupling due to the interlayer mag-
netic ordering.

5. CrI3

The monolayer CrI3 has an optical A1g mode at ∼
127 cm−1 in the paramagnetic state. This corresponds
to the vibrations of the top and bottom iodine layers in
opposite directions, with the Cr atoms stationary. This
mode is strong when the incident and scattered photons
have the same polarizations, and weak if they are orthog-
onal. Upon magnetic ordering, the polarization of the
scattered photons is rotated ∼ 40◦ with respect to that
of the incident photons, with the direction of rotation de-
pending on the magnetization direction (up/down). This
rotation of the polarization exhibits a good correlation
with the magnetic transition (Huang et al., 2020). In the
bilayer, the interlayer coupling splits the in- and out-of-
phase vibrations of the two layers, which is called Davy-
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FIG. 10. Temperature dependence of the polarized Raman
spectra of bulk (∼170 nm) NiPS3 in parallel [z(xx)z̄] and
cross [z(xy)z̄] polarization configurations. (b) Layer-number
dependence of low-temperature Raman spectra. The M1 and
interlayer breathing modes are marked with red circles and
black square symbols, respectively. (c) Temperature depen-
dence of the Raman modes in the low-frequency range for
different numbers of layers. From Na et al. (2024).

dov splitting (Kim et al., 2016). Davydov splitting sepa-
rates the A1g mode into a Raman active A1g mode and an
infrared active A2u mode. In the paramagnetic state, the
A2u mode is Raman inactive due to the inversion sym-
metry of the bilayer CrI3. In the antiferromagnetic state,
however, the inversion symmetry is lifted, so this mode
becomes Raman active. If a strong magnetic field is ap-
plied so that the spins in the two layers are aligned in the
same direction, the inversion symmetry is restored, and
this mode is suppressed in the Raman spectrum (Huang
et al., 2020). Therefore, if the Raman spectrum is mea-
sured with appropriate polarizations as the temperature
is lowered, a new Raman peak appears as the tempera-
ture drops below TN.

Magnon modes are also observed in the Raman spec-
tra of CrI3 (Cenker et al., 2021). In the FM monolayer,
an ultralow-frequency Raman mode is observed under a
magnetic field. This mode shifts linearly with the mag-
netic field and extrapolates to ∼ 2.4 cm−1 at zero field.
This mode is interpreted as the in-phase acoustic magnon
mode. In the AFM bilayer, a magnon mode is observed
that extrapolates to ∼ 3 cm−1 at zero field. As the mag-
netic field increases in the out-of-plane direction, it lin-
early shifts up to ∼ 0.7 T at which the bilayer undergoes
a metamagnetic transition to an FM-like state, and an
abrupt jump to a lower frequency is observed. In addition
to these ultralow-frequency magnons, a weak shoulder-
like peak at 148 cm−1 splits under magnetic field. The
authors interpreted this mode as a high-frequency, out-
of-phase optical magnon mode, which is symmetry for-
bidden in the monolayer but allowed in the bilayer. An-
other vdW magnet that has been studied with Raman
spectroscopy is RuCl3, for example, in (Sahasrabudhe
et al., 2020; Sandilands et al., 2015; Wulferding et al.,
2020). There are also Raman studies on the vdW mag-
net MnBi2Te4 (Lujan et al., 2022; Padmanabhan et al.,

2022b).

C. Magneto-Optical Kerr Effect (MOKE) and Reflective
Magnetic Circular Dichroism (RMCD)

When light travels in a medium under a magnetic field
or net magnetization, the left- and right-circularly po-
larized components experience different dielectric con-
stants (Qiu and Bader, 2000), showing magnetic circular
birefringence and magnetic circular dichroism (Fei et al.,
2018). In the magneto-optical Kerr effect (MOKE) mea-
surements, a linearly polarized incident light is reflected
off the surface of the specimen, and the rotation of the
polarization plane as a result of the magnetic circular
birefringence is measured. By monitoring this polariza-
tion rotation, one can monitor the magnetization of the
specimen. The MOKE signal is strongest when the mag-
netization (or the external magnetic field) is along the
direction of the light beam. If the magnetization is in
the plane of the specimen, the MOKE signal can still be
measured if the light is incident at an oblique angle with
the incident plane aligned along the magnetization direc-
tion (Arregi et al., 2017). In reflective magnetic circular
dichroism (RMCD) measurements, the reflectivity differ-
ence between the two circularly polarized light compo-
nents is monitored, producing a result similar to MOKE.
Both MOKE and RMCD are nondestructive and can be
measured with a focused laser beam, making them ap-
propriate for measuring small specimens of 2D vdW mag-
netic materials. Because they are sensitive to net mag-
netization, these techniques are primarily used to study
FM materials. MOKE measurements were used to detect
FM ordering in thin atomic layers of Cr2Ge2Te6 (Gong
et al., 2017) and CrI3 (Huang et al., 2017), and RMCD
for Fe3GeTe2 (Ju et al., 2021), and VI3 (Lin et al., 2021).
In vdW magnets that exhibit monolayer FM and inter-
layer AFM coupling, such as CrI3 (Huang et al., 2017)
and CrPS4 (Son et al., 2021), nonzero MOKE signals are
observed at zero field only for odd-numbered layers. The
MOKE signal vs. applied magnetic field curves (Fig. 11)
for the monolayer (1L) and the trilayer (3L) show ferro-
magnetic behavior with a finite remanent magnetization,
whereas no MOKE signal is observed at zero field for
the bilayer (2L). At high magnetic fields, the two layers
of the 2L flake are ferromagnetically aligned, and a fi-
nite MOKE signal is observed (Huang et al., 2017). In a
twisted bilayer of CrI3, the magnetic field dependence of
the RMCD was interpreted to be due to coexisting FM-
AFM states (Xu et al., 2022). CrSBr has FM monolayers
with in-plane spins and AFM coupling between the lay-
ers. With the application of an in-plane magnetic field,
the spins can be made to align ferromagnetically, which
can be monitored by MOKE. Yu et al. used this tech-
nique for 2D imaging of the AFM-FM transition in bulk
CrSBr (Yu et al., 2023).
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FIG. 11. MOKE signal on a monolayer (a), bilayer (b), and
trilayer (c) CrI3 flakes. From Huang et al. (2017).

D. Terahertz dynamics of magnons

1. Magnon dynamics in the terahertz region

All magnon modes in both ferromagnetic and antiferro-
magnetic materials exhibit coupling to the magnetic field
component of the probing THz light. This interaction
can be understood from two perspectives: semiclassically
as the exertion of magnetic torque on individual spins,
and quantum mechanically as the induction of magnetic
dipole transitions between spin-wave eigenstates. In THz
time-domain spectroscopy (THz-TDS), pulsed THz radi-
ation serves as an ultrafast excitation source. The mag-
netic field component of the THz pulse acts as a half-
cycle transient perturbation, displacing spin moments
from their equilibrium orientations, which are initially
aligned along their internal effective magnetic field, which
governs the magnetic ordering of the material. Following
this perturbation, the spins relax back toward equilib-
rium, precessing around the effective magnetic field axis.
This precessional motion results in the emission of elec-
tromagnetic radiation, a process known as free induction
decay. The emitted THz radiation is then recorded in a
time-resolved fashion by a detector, encoding the dynam-

ical response of the system. By applying a Fourier trans-
form to the recorded time-domain signal, the correspond-
ing frequency-domain absorption spectra of magnon ex-
citations can be extracted. More precisely, this analysis
provides access to the system’s dynamical susceptibility,
which can be interpreted within the linear response the-
ory framework to gain insight into the magnetic inter-
actions and anisotropies present in the material. In the
lower-frequency GHz regime, magnon modes are typically
observed, reflecting low-energy collective spin excitations
in ordered magnets. Complementary information on such
spin dynamics can be obtained via ferromagnetic reso-
nance (FMR) and antiferromagnetic resonance (AFMR)
techniques. These methods are based on the observation
of the resonant absorption of continuous microwave radi-
ation at the GHz frequency while sweeping an external
static magnetic field, with the objective of matching the
driving frequency with the natural precession frequencies
of the magnetization vector M or the precession / vibra-
tional frequencies of the antiferromagnetic vector L.

2. CrI3

CrI3 is a 2D vdW insulator in which genuine 2D fer-
romagnetism was demonstrated down to the monolayer
limit (Huang et al., 2017). The bulk phase of this ma-
terial was extensively studied in the 1960s, when it was
recognized as a rare example of a ferromagnetic insula-
tor. Given its robust ferromagnetism from bulk to mono-
layer, FMR studies have been actively pursued over the
years. Interestingly, CrI3 has two Cr3+ ions per unit cell,
and therefore two branches of spin waves are expected,
corresponding to an acoustic mode with in-phase preces-
sion and an optical mode with out-of-phase precession
(Cenker et al., 2021). The first bulk FMR measurement,
reported in 1965, revealed zero-field FMR at 2.2 cm−1

(0.27 meV) for the lower-branch magnon (Jr and Olson,
1965). A recent bulk FMR study analyzed the mag-
netic field dependence and determined key magnetic pa-
rameters relevant to the magnetic Hamiltonian for bulk
CrI3 (Lee et al., 2020). Surprisingly, angle-dependent
FMR measurement revealed a large Kitaev exchange in-
teraction parameter K = −5.2 meV, which is approx-
imately 25 times larger than the Heisenberg exchange
interaction J ≈ −0.2 meV. Furthermore, symmetric off-
diagonal anisotropy Γ ∼ −67.5 µeV was identified, which
plays a crucial role in stabilizing the ferromagnetic or-
der. Moreover, magnetic inhomogeneity was considered
in the FMR linewidth analysis, which accounted for the
multidomain magnetic structures of CrI3 (Shen et al.,
2021) (Fig. 12(a) and (b)).

Although the above studies were conducted using tra-
ditional microwave resonance techniques, in which FMRs
were detected by varying the external magnetic field at
a discrete set of microwave frequencies, a fully spectro-
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FIG. 12. (a) Typical FMR spectra at 10 K for CrI3. (b)
FMR frequency vs. applied magnetic field (f–H) dispersions
at various temperatures for CrI3. From Shen et al. (2021).
(c) Absorbance spectra of a 217 µm-thick bulk CrI3 crystal
at 7 T and 1.5 K. Blue and red curves represent raw and post-
processed data, respectively. (d) Absorbance spectra at 1.5 K
near FMR with an external magnetic field aligned along the
c-axis. From Kim et al. (2024).

scopic FMR study was recently conducted using THz-
TDS (Kim et al., 2024) (Fig. 12(c) and (d)). By analyzing
the magnetic field dependence of the FMR, various mag-
netic parameters, including the Kitaev interaction pa-
rameterK = 0.2132 meV and the off-diagonal interaction
parameter Γ = −0.0599 meV, were extracted. The signif-
icant discrepancy in the K-values between THz-TDS and
previous microwave-based studies highlights the experi-
mental challenges to accurately determine the parameters
of exchange interaction in CrI3.

A single-crystal sample of CrI3 in a few layers can-
not be studied in the microwave or THz regions due to
the long wavelength of probing light. Therefore, Raman
spectroscopy has been used to track FMRs and surface
magnon excitations in the 2D limit of CrI3 (Cenker et al.,
2021). (See Raman section for further details.)

3. MnPS3 and MnPSe3

Both MnPS3 and MnPSe3 possess two Mn2+ ions
per unit cell, leading to distinct magnon branches.
These magnon modes are influenced by the materials’
anisotropic properties, which affect their overall spin-
wave dynamics. The difference in spin alignment be-
tween these two materials arises from their contrasting
exchange interactions and anisotropic characteristics. In
MnPS3, the spins align perpendicular to the honeycomb
plane, forming an easy-axis antiferromagnetic structure
due to a combination of single-ion anisotropy and dipo-

lar interactions. In contrast, MnPSe3 exhibits easy-
plane antiferromagnetic ordering, where weaker single-
ion anisotropy and stronger dipolar interaction con-
tribute to stabilizing the in-plane spin configuration
(Calder et al., 2021).

GHz absorption experiments in MnPS3 have identi-
fied magnon gaps at 3.8 cm−1 (0.47 meV) and 3.4 cm−1

(0.42 meV), also confirming its classification as a biax-
ial antiferromagnet (Kobets et al., 2009). Experiments
using Raman scattering, far-infrared transmission mea-
surements, and GHz (microwave) absorption have iden-
tified two nonzero magnon gaps at 14 cm−1 (1.7 meV)
and 0.7 cm−1 (0.09 meV) in MnPSe3, confirming its clas-
sification as a biaxial antiferromagnet (Jana et al., 2024).

A key difference between MnPS3 and MnPSe3 lies in
their exchange interactions. MnPS3 is characterized by
dominant intralayer exchange, reinforcing its quasi-2D
nature, whereas MnPSe3 exhibits stronger interlayer in-
teractions, which are an order of magnitude larger than
in MnPS3, leading to a more 3D-like magnetic behavior
(Baral et al., 2024). This distinction influences magnon
dispersion and anisotropy effects in both materials. Mag-
netic parameters derived from experiments suggest com-
peting exchange interactions, affecting their overall spin
dynamics.

Although Raman and GHz absorption have success-
fully characterized magnon gaps, THz spectroscopy re-
mains underexplored in these materials. Although di-
rect THz spectroscopic studies on MnPS3 and MnPSe3
have yet to be extensively conducted, existing magneto-
spectroscopy studies in the GHz and FIR ranges sug-
gest that THz techniques could provide complementary
insights into their magnon dynamics. In particular, the
upper magnon gap at 14 cm−1 (1.7 meV) in MnPSe3 falls
within the detectable range of THz spectroscopy, making
it a strong candidate for future investigations (Kobets
et al., 2009).

4. CrSBr

This material exhibits a rare form of triaxial magne-
tocrystalline anisotropy (Telford et al., 2020). The hard-
axis is the c-axis, the intermediate axis is the a-axis, and
the easy axis is the b-axis. Moments lie along the b-axis
within the vdW plane, and moments on neighboring vdW
planes lie in the opposite direction, thereby forming in-
tralayer FM and interlayer AFM. The interlayer exchange
and the three anisotropy fields are weak, so the AFMR
frequencies are low, ranging from 1–40 GHz under an ex-
ternal magnetic field up to 0.5 T (Cham et al., 2022).
Such soft magnetic characteristics yield a rich variety of
AFM magnon dynamics in this material. At 5 K under
zero magnetic field, one observes two magnon branches,
acoustic and optical. Only a weak magnetic dispersion
appears under a magnetic field along the c-axis (the hard-
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FIG. 13. Out of plane magnetic field dependences of the ab-
sorption spectra of NiI2 at 1.5 K with (a) E ∥ P and (b)
E ⊥ P polarizations. From Kim et al. (2023b). (c) Low-
frequency spontaneous Raman scattering measurement of ex-
foliated NiI2 with σ+ (red) and σ− (blue) circularly polar-
ized light obtained at 2.4 K. The two peaks at 4.09 meV and
4.51 meV are the EMo and EMe electromagnons, respectively.
From Gao et al. (2024).

axis), but under an in-plane magnetic field, one observes
a hybridization between these two AFMR modes. At
around 0.4 T in-plane magnetic field, there is an abrupt
change in magnon spectra due to a spin-flop transition
(Cham et al., 2022). All these interesting features of
CrSBr imply that its magnetic characteristics are highly
tunable with a relatively low magnetic field under 0.5 T.
Combined with its exfoliatability and air stability down
to a few layers (Ziebel et al., 2024), CrSBr is considered
a promising candidate for practical applications in the
field of 2D nanospintronics.

5. NiI2

NiI2 is a layered transition metal halide known for its
helimagnetic ordering below its second antiferromagnetic
transition at TN = 59.5 K. However, the propagation vec-
tor for this screw rotation is not aligned to the crystal-
lographic axes, and the planes of spin rotation are not
perpendicular to the propagation vector. Interestingly,
the material spontaneously develops ferroelectricity upon
entering into this helimagnetic phase, with the induced
electric polarization in the ab plane. Several studies ad-
dressed the issue of magnon dynamics of this material in
the THz range. A Raman study reported magnon modes
at 31 and 37 cm−1 (Song et al., 2022). The authors
claimed the presence of ferroelectric polarization even in
the monolayer limit. Because of the simultaneous pres-
ence of noncollinear spin order and ferroelectric polariza-
tion, the nature of magnons was to be elucidated in the
context of electromagnon excitations. Definitive evidence
for the electromagnon nature of these two modes came
from a THz study which showed, by combining transmis-
sion and reflection measurements, that the magnon re-
sponse occurs in the electric dipolar (permittivity) rather
than magnetic dipolar (permeability) channel (Kim et al.,
2023b) (Fig. 13(a) and (b)). A recent Raman study fur-

ther reported giant optical activity at THz frequencies,
which appeared to arise primarily from relativistic spin-
orbit coupling due to the noncollinear spin texture (Gao
et al., 2024) (Fig. 13(c)). Another vdW magnet that has
been studied with THz spectroscopy is RuCl3, for exam-
ple, in (Little et al., 2017; Ozel et al., 2019; Wang et al.,
2017; Wu et al., 2018).

6. RuCl3

RuCl3 is a layered transition-metal halide crystallizing
in a honeycomb lattice structure. Below TN ∼ 7 K, it
exhibits zigzag antiferromagnetic ordering. This mate-
rial has been extensively studied using time-domain THz
spectroscopy, which has revealed rich low-energy magne-
todynamics sensitive to magnetic field, polarization, and
symmetry-breaking interactions. At zero magnetic field,
a prominent AFMR appears at approximately 2.5 meV
(∼ 20.2 cm−1), corresponding to a zone-center magnon
mode (Little et al., 2017; Wang et al., 2017). Upon enter-
ing the ordered phase, this mode emerges sharply and dis-
plays a classic order-parameter-like temperature depen-
dence. In addition, further studies observed two magnon
modes at ∼2.0 and 2.4 meV, which exhibit distinct field-
dependent behavior depending on the direction of polar-
ization of the THz probe (Ozel et al., 2019; Wu et al.,
2018). As an external magnetic field is applied within
the honeycomb plane, the two magnon resonances soften
and mix, and their spectral weights redistribute nonlin-
early. Around the critical field Bc ∼ 7 T, where the
zigzag order collapses, these sharp magnon modes give
way to a broad magnetic continuum, which has been in-
terpreted as a signature of a field-induced quantum dis-
ordered phase. This magnon-to-continuum crossover il-
lustrates the breakdown of conventional spin-wave exci-
tations near quantum criticality. Theoretical modeling
using linear spin-wave theory (LSWT) and extensions of
the Heisenberg-Kitaev-Γ model have shown that an off-
diagonal symmetric exchange (Γ term) is essential to re-
produce the observed mode splitting, selection rules, and
field evolution. These features highlight the strong spin-
orbit coupling and magnetic anisotropy in RuCl3, which
shape its magnon spectra (Ozel et al., 2019; Wu et al.,
2018). Overall, the terahertz magnon response of RuCl3
reflects not only the underlying zigzag order but also the
proximity to a quantum spin liquid regime, making it an
exemplary system for studying the collapse and evolution
of coherent spin-wave excitations.
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E. Optical Absorption

1. Exciton Dynamics in the Near Infrared-Visible-Ultraviolet
Regions

Exciton phenomena in magnetic insulators are in great
agreement with the original description of excitons in
crystals as “excitation waves ”as conceived by Frenkel
(Frenkel, 1931). In contrast to Wannier-Mott excitons
commonly encountered in semiconductors, delocalized
over length scales greater than unit cell sizes, excitons
in magnetic insulators are usually Frenkel excitons that
are understood to be highly localized to within inter-
atomic distances. To visualize the characteristics of such
excitons, we consider a single transition-metal ion em-
bedded in a crystal. Its energy levels, highly degenerate
in their free-ion state, are partially split inside a crystal
because of internal magnetic fields associated with mag-
netic ordering and crystal electric fields generated by lig-
and ions. A d-d transition in this single ion is bound to
disturb, albeit very weakly, the neighboring ions because
of exchange interactions present in the system. If the
d-d transition is spin-conserving, a dipole-dipole interac-
tion can transfer the change in the original magnetic ion
to its nearest-neighbor magnetic ions. A spin-violating
transition can also occur by being assisted by another
spin-violating transition nearby, in this case via spin-
dependent (possibly off-diagonal) exchange. Therefore,
internal transitions in each magnetic ion are quantum-
mechanically coupled with those in other magnetic ions
throughout the crystal. In this way, we conceive a mag-
netic exciton with its own dispersion (energy-momentum
relation) and dynamics (coherent motion through a crys-
tal).

The optical transitions associated with such mag-
netic excitons are typically found in the near-infrared-
visible-ultraviolet regions of the electromagnetic spec-
trum. Close to such d-d excitons, optical transitions as-
sociated with charge transfer also occur. An electron is
transferred from ligand atoms to transition-metal ions or
vice versa. However, in many cases, such transfers are
partial in the sense that the transition metal d states
are hybridized with ligand atom p states, expanding the
Hilbert space of the relevant orbitals. Historically, in
the field of high-temperature superconductivity, the so-
called Zhang-Rice singlet state is known to occur when
a hole in an O 2p orbital hybridizes with a hole in a Cu
3d orbital, forming a singlet that mimics a Cooper pair
(Zhang and Rice, 1988). A similar orbital-spin-entangled
state has been reported in the 2D vdW antiferromagnet
NiPS3 (Kang et al., 2020) as described in the following.

We also note that double transfers or exciton-magnon
interactions have been studied extensively. Such an in-
teraction mechanism involves the emergence of magnon
sidebands on top of exciton absorption peaks. Both
magnon-emitting and magnon-absorbing transitions were

reported. In the former case, a photon is absorbed and
produces an exciton plus a magnon, and the magnon side-
band occurs at an energy higher than that of the exciton.
In the latter case, a photon is assisted by a magnon to
produce an exciton, so the magnon side band is placed at
an energy lower than that of the exciton. Obviously, the
latter mechanism cannot occur at very low temperatures
because of the absence of magnons, whereas the former
case can occur at low temperatures. The magnon side-
band actually reflects the magnon density of states rather
than magnon excitation peaks. Due to spin conservation,
two-magnon sidebands are more commonly observed, as
is true for 2D vdW magnets.

Exciton dynamics can be captured by optical ab-
sorption and Raman spectroscopy and resonant inelas-
tic X-ray spectroscopy (RIXS). RIXS can even reveal
the energy-momentum dispersion of the exciton in re-
ciprocal space where localized Frenkel excitons typically
exhibit rather flat dispersions. For 2D vdW magnets,
much effort has been put into the realization of cavity-
based modulation of excitons. Inside a carefully designed
photonic-crystal-based cavity, the cavity modes hybridise
with otherwise nearly flat excitonic modes of the crys-
tal. A strong-coupling regime can be easily reached by
this method, and many effects unique to the domain of
atomic physics can be demonstrated as well. All of these
new topics should stimulate further research in the near
future.

2. NiPS3

The most dramatic case of exciton dynamics is proba-
bly found in NiPS3. In marked contrast to the Wannier-
Mott excitons formed from extended Bloch states, the
excitons in NiPS3 are Frenkel excitons of highly localized
character. Interestingly, the exciton located at 1.476 eV
in NiPS3 is closely related to the background AFM order
and emerges together with the onset of AFM below 155
K. The many-body nature of this ultra-sharp exciton at
1.476 eV found at low temperatures deep in the AFM
state was studied by PL, optical absorption, and RIXS
measurements in combination with configuration inter-
action calculations (Wu et al., 2018) (Fig. 14 (a) and
(b)). Ultimately, the exciton was assigned to a Zhang-
Rice triplet-to-Zhang Rice singlet transition. Moreover,
the PL linewidth of this exciton mode reached almost
0.4 meV below 50 K, as if the system entered some con-
densation or super-radiance state. Later investigations
confirmed the presence of ultra-narrow excitonic excita-
tions and explored the magnetic field dependence (Song
et al., 2024; Wang et al., 2024b) and the stability un-
der non-magnetic doping and the GPa-level pressure. It
turned out that the exciton mode is quite sensitive to a
small amount of Cd doping and also to pressure, suggest-
ing that this Zhang-Rice mode is the result of fine-tuned
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FIG. 14. (a) PL spectra of NiPS3 (excited by a 1.96 eV (632.8
nm) laser) as a function of temperature from 8 to 120 K
(curves are vertically shifted for clarity). (b) Optical absorp-
tion spectra corresponding to the PL spectra in (a). From
Kang et al. (2020). (c) PL spectra as a function of Cd concen-
tration x at 8 K. (d) Optical absorption spectra as a function
of the same set of Cd concentration x at 4 K. From Kim et al.
(2023c).

balance between many competing processes (Kim et al.,
2023c) (Fig. 14 (c) and (d)). More recently, however,
W. He et al. (He et al., 2024) proposed an alternative
interpretation based on ultrahigh resolution RIXS mea-
surements: the exciton was reclassified as a Hund’s ex-
citon, driven primarily by intraatomic Hund’s exchange
rather than in Zhang-Rice mode. This reinterpretation
highlights a different underlying mechanism and suggests
that the observed exciton corresponds to a singlet exci-
tation from a subtle, yet high-spin d8 ground state, pri-
marily stabilized by intra-atomic Hund’s coupling.

3. NiI2

Another case of a Zhang–Rice exciton mode was dis-
covered in NiI2, an antiferromagnetic vdW insulator with
improper helimagnetic order in its ground state, in which
the material also exhibits spontaneous ferroelectric order,
thereby establishing itself as a multiferroic vdW antifer-
romagnet (Son et al., 2022). The broken inversion sym-
metry here induces the formation of magnetic excitons.
Combining optical absorption, RIXS, and configuration
interaction calculations, it was confirmed that the exci-
ton type was again a transition between a Zhang–Rice-
triplet state and a Zhang–Rice-singlet state, a manifesta-
tion of fundamentally quantum-mechanical entanglement
of spin and orbital degrees of freedom. An ultrasharp ex-
citon peak at 1.384 eV with a linewidth of 5 meV was
reported.

4. CrSBr

The special feature of excitons in CrSBr is the
anisotropy. Band calculations suggest that the material
is quasi-one-dimensional (Q1D) with the b-axis as the

high-mobility direction (Klein et al., 2023) (Fig. 15 (a)
and (b)). As such, excitons exhibit an electron density
that spans nearly 20 unit cells along the b-axis, while be-
ing less delocalized along the other axis. As mentioned
previously, CrSBr develops in-plane ferromagnetism and
interlayer antiferromagnetism, that is, A-type AFM over-
all. This particular magnetic structure gives rise to a
spin-polarized conduction band minimum and a valence
band maximum. The excitons then inherit this spin po-
larization. For example, the bilayer case will have an
antiparallel spin configuration in the two layers, and the
excitons will be confined to individual layers because the
interlayer coupling of excitons is spin-forbidden. With a
strong magnetic field, spins in both layers are polarized
along the same direction, and this now allows hybridiza-
tion between excitons in the two layers, promoting inter-
layer hopping of electrons and holes. Consequently, the
optical properties strongly depend on external magnetic
fields, prompting promising optomagnetic applications.
Another notable aspect of this spin-exciton coupling ef-
fect is the strong interaction between magnons and exci-
tons (Dirnberger et al., 2023) (Fig. 15 (c) and (d)). The
exciton energy can be modulated by up to 4 meV by
driving magnons at a 0.1 meV energy scale.

5. CrI3

Despite intensive searches and high-precision band the-
ory calculations, no report was made of clear evidence of
Wannier-Mott type excitons in CrI3. Although the com-
plete relativistic calculations of one group (Wu et al.,
2019) stand alone as the definitive prediction of these ex-
citons in CrI3, no experiment has reported the presence of
these modes to the best knowledge of the authors. How-
ever, two dark excitons at 1.75 and 1.85 eV were identified
using RIXS (He et al., 2025) (Fig. 4.10). These transi-
tions are optically forbidden, so that standard optical ab-
sorption measurements would not capture them. These
excitons are quite sharp in linewidth and weakly disper-
sive. These excitons are essentially spin flips, strongly
tied to the magnetic structure of the material through
the Hund’s coupling mechanism (He et al., 2025). What
can be potentially associated with charge transfer exci-
tons was also reported (Jin et al., 2020; Seyler et al.,
2018a). However, the nature of these exciton modes is
not clearly understood at this point.

F. Magnetooptical Studies on vdW Magnetic Materials

Strong modulation of the optical properties of solids
by external magnetic fields has been an active area of
research for a long time. The field of magnetooptics has
been reinvigorated by recent advances in vdW magnetic
materials. Remarkably, the vdW antiferromagnet CrSBr



30

FIG. 15. (a) Calculated optical absorption spectrum of mono-
layer (1L) CrSBr with an electric field polarized along the
b direction. (b) Calculated optical absorption spectrum ob-
tained from ab initio Bethe–Salpeter Equation (BSE) calcu-
lations of 1L CrSBr for an electric field polarized along the
a direction. From Klein et al. (2023). (c) Schematic illus-
tration of two experimental approaches to support exciton-
polaritons in mesoscopic CrSBr. The magnified view shows
antiferromagnetic (AFM) and ferromagnetic (FM) order with
external magnetic field Bext ∥ c. Magnetic axes correspond
to the crystal b (easy), a (intermediate), and c (hard) direc-
tions. (d) The right panel shows angle-resolved and angle-
integrated photoluminescence (PL) emission of a nominally
580-nm-thick CrSBr sample recorded at T = 1.6 K. The crys-
tal was rotated by 45◦ with respect to the entrance slit of
the spectrometer, and the PL was analyzed with a polarizer
aligned along the b-axis. The left panel shows the simulated
reflectance map for conditions matching the PL measurement.
From Dirnberger et al. (2023).

exhibits spin-polarized excitonic states (Dirnberger et al.,
2023). Consequently, external magnetic fields can ef-
fectively modify the exciton behavior, thereby strongly
modulating the optical properties in the vicinity of exci-
ton formation. This coupling mechanism is greatly en-
hanced by the formation of exciton–photon hybridiza-
tion, i.e., exciton polaritons in a few nanometer-thick
mesoscopic crystals. When an external out-of-plane mag-
netic field switches the spin polarizations from in-plane
AFM to interplane FM, a large modulation of optical
absorption due to spin-polarized excitons leads to strong
magnetooptic effects. Several polariton branches form
and appear even more than 0.1 eV below the original ex-
citon level. A sensitive angular modulation via rotation
of the external magnetic field is also possible.

Similar exciton polariton studies were performed for
NiPS3 using a photonic cavity (Hwangbo et al., 2021).
Here, strong coupling between spin-correlated excitons
and photons within a microcavity was observed in the
reflectance spectra in the vicinity of the ultranarrow
Zhang-Rice exciton mode located at 1.476 eV (Kang
et al., 2020). The resulting hybrid modes combine as-
pects of excitons, photons, and spins all together, promis-

FIG. 16. Resonance behavior of dark excitons in CrI3. From
He et al. (2024). (a) Cr L3-edge RIXS incident energy map
recorded at T = 30 K. (b) Zoomed-in view of the excitonic
resonances. Two peaks near 1.7 eV are identified as dark
excitons and labeled as D1 and D2. The other three peaks are
bright excitons previously observed in optical measurements
and therefore denoted as B1-B3. From Jin et al. (2020); Seyler
et al. (2018a).

ing novel applications in the field of optospintronics and
polariton Bose–Einstein condensation. Incidentally, in
NiPS3, the aforementioned exciton displays strong opti-
cal anisotropy with the anisotropy axes themselves locked
into the background magnetic zigzag ordering (Hwangbo
et al., 2021). This immediately led to magnetic linear
dichroism (MLD) signals detected below the antiferro-
magnetic transition temperature (Zhang et al., 2021c).
Therefore, for the case of NiPS3 and some related mate-
rials in the family of MPX3 (M = Fe, Mn, Ni and X = S,
Se), the MLD measurements can capture the formation
of magnetic order down to the atomic limit (up to bilay-
ers for NiPS3, as the monolayer loses AFM order in this
material).

This MLD technique is useful when the material under
investigation is AFM because the magneto-optical Kerr
effect (MOKE), which is commonly adopted as a sen-
sitive tool for detecting FM, vanishes in the first order
at the atomic limit (Zhang et al., 2021c). In addition
to MLD, there are other second-order magnetooptic ef-
fects such as the magnetooptic Voigt effect (MOVE) and
the magnetooptic Schäfer–Huber effect (MOSHE) (Sun
et al., 2019b). Being second order, these three tech-
niques typically produce weak signals and were rarely
used to study the AFM ordering of 3D solids. However,
in the MPS3 family of 2D vdW materials, giant MLD
signals were detected in FePS3 in zigzag order (Zhang
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et al., 2021c). Naturally, the effect comes from the elec-
tronic anisotropy associated with the background zigzag
spin direction in the AFM ground state. Even the mono-
layer case yielded a detectable signal, and this offers am-
ple opportunities in the field of vdW antiferromagnetic
spintronics in detecting, characterizing, and manipulat-
ing AFM order in ultrathin antiferromagnets.

The MOSHE technique was also recently demonstrated
for the case of MPS3 family vdW antiferromagnets (Yang
et al., 2023). While the MOVE technique is implemented
in the transmission mode, the MOSHE technique is im-
plemented in the reflection mode. The rotation of polar-
ization upon magnetization is similar to that of MOKE,
but the signal is proportional to the square of magneti-
zation. The theoretical calculation performed by Yang
et al. (Yang et al., 2023) shows that the MOSHE signal,
again, originates from the in-plane optical anisotropy as-
sociated with the magnetic ordering and depends sensi-
tively on the relative direction between the Néel vector
and the input polarization of light. The combination of
rotation angle and ellipticity (i.e., complex rotation an-
gle) is directly proportional to the anisotropy in in-plane
optical conductivity. It turns out that the rotation of the
polarization is insensitive to the orientation of the Néel
vector. Still, the ellipticity, the accompanying measure of
the optical activity, is sensitive to the interlayer magnetic
ordering. A distinct advantage of this method is that
full DFT calculations can be easily performed to yield
the theoretical values of the optical activity parameters,
i.e., optical rotation and ellipticity, and can be compared
with experiment.

IV. LIGHT-INDUCED OUT-OF-EQUILIBRIUM DYNAMICS

A. Coherent phonon excitation

1. Coherent phonon generation mechanisms

Upon impulsive optical excitation, collective lattice vi-
brations (phonons) can be coherently driven, resulting
in phase-locked oscillations. The generation mechanisms
for coherent phonons depend on their type (acoustic or
optical) and symmetry (infrared-active or Raman-active)
and can be broadly categorized based on how the excita-
tion source interacts with the material.

Coherent acoustic phonons can be excited through four
major mechanisms, depending on the properties of the
material (Ruello and Gusev, 2015). In metals, where
carrier recombination is typically fast, optical excitation
rapidly transfers energy from the electronic to the lattice
degrees of freedom. This increases the lattice tempera-
ture of the material’s properties, generating propagating
strain waves through the thermoelastic effect. In con-
trast, carrier excitation alters the electronic landscape in
gapped systems, which persists for some time. The defor-

mation potential subsequently modifies the interatomic
forces, thus launching strain waves. An applied electric
field pulse can induce internal strain through the inverse
piezoelectric effect in systems lacking inversion symme-
try. Finally, coherent acoustic phonons can be excited
in centrosymmetric materials through electrostriction, a
second-order piezoelectric effect, provided the medium is
transparent to pump light.

For optical phonons, without loss of generality, we con-
sider systems with inversion symmetry, a common fea-
ture in vdW magnets. They can be classified as in-
frared (IR)-active or Raman-active, which are odd and
even under spatial inversion. An electromagnetic field
can resonantly drive coherent IR-active phonons, typi-
cally in the terahertz (THz) or mid-infrared (MIR) spec-
tral range. However, coherent Raman-active phonons,
which are frequently probed in ultrafast spectroscopy,
can be excited through multiple pathways depending on
the drive frequency. In the optical range, two primary
pathways dominate. The first mechanism is displacive
excitation of coherent phonons (DECP), where the cre-
ation of photo-carriers alters the potential energy surface
of the lattice, shifting the quasi-equilibrium free energy
minimum (Kuznetsov and Stanton, 1994; Zeiger et al.,
1992). Thus, an effective displacive force is exerted on the
lattice, initiating coherent oscillations of fully symmetric
A1g phonons. DECP is prominent in vdW magnets when
the pump photon energy is resonant with ligand-to-metal
charge-transfer transitions. The other well-known mech-
anism is impulsive stimulated Raman scattering (ISRS),
where a pulse with a duration of time shorter than the
phonon period impulsively initiates a stimulated Raman
scattering process that excites all possible Raman-active
phonons (Dhar et al., 1994). In vdW magnets, ISRS can
be triggered by a pump with frequencies resonant with
d-d transitions of the transition metals or completely off-
resonant with any transitions. Alternatively, if the pump
energy lies in the THz range, close to the frequencies of
Raman-active phonons, various nonlinear pathways be-
come accessible, including two-photon sum or differen-
tial frequency generation (Maehrlein et al., 2017), one-
photon-one-IR-phonon infrared resonant Raman scatter-
ing (IRRS) (Khalsa et al., 2021), two-IR-phonon ionic
Raman scattering (IRS) (Först et al., 2011), and other
pathways involving additional collective modes such as
magnons (Mashkovich et al., 2021). These nonlinear
channels can be effectively activated in vdW magnets
upon intense THz electromagnetic stimuli (Ilyas et al.,
2024; Luo et al., 2024b; Ning et al., 2024).

2. Magnetism-mediated phonon dynamics

A hallmark of vdW magnets is their intricate spin-
lattice coupling, which leads to unconventional changes
in the amplitude, frequency, and phase of certain phonons
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FIG. 17. Coherent phonon excitation across various magnetic transitions. (a) Normalized time traces for differential Bragg peak
(-3 3 1) intensity at various temperatures across TN in FePS3 following 4.76 eV photoexcitation. (b) Temperature dependence
of the oscillation amplitude extracted from panel (a). (c) Temperature dependence of the seesaw tilt angle resulting from the
acoustic phonon. (d) Schematic illustration of the interlayer shear motion of the antiferromagnetic state with a variation of
the monoclinic angle β. (e) Time-resolved polarization rotation change with demagnetization background subtracted upon a
1.55 eV pump under left-handed σ+ (blue) and right-handed σ− (red) polarizations in CrI3, and their corresponding Fourier
transform power spectral densities. The inset shows the schematic of the eigenvectors of two observed phonon modes. (f)
σ+/σ− ratio of the integrated Fourier transform peak intensities of the two modes shown in (e), overlaped with the simulated
result for A2

1g and a fit using an order-parameter-like function
√
Tc − T (green line). (g) Schematic of the potential energy

surface change as temperature decreases across T2D as a function of two eigenmodes in CrSiTe3. (h) Temperature dependence
of the phase and amplitude of the Ag mode extracted from transient reflectivity data upon a 1 eV pump in CrSiTe3. (i)
Schematic of the potential energy surface change as temperature decreases across TN in FePS3 as a function of two eigenmodes
with eigenvectors displayed. (j) Temperature dependence of the phase and amplitude of several modes extracted from transient
reflectivity data upon a 1.63 eV pump in FePS3. Panels (a)-(d) are adapted from Zong et al. (2023). Panels (e) and (f) are
adapted from Padmanabhan et al. (2022c). Panel (h) is adapted from Ron et al. (2020). Panel (j) and the inset of panel (i)
are adapted from Ergeçen et al. (2023).

across magnetic transition temperatures, which are often
undetectable in materials with weakly coupled spin and
lattice degrees of freedom. The most pronounced mani-
festation of this coupling is the appearance of new phonon
modes, or significant enhancements in the phonon am-
plitudes, below the magnetic transition temperatures.
This phenomenon is ubiquitous in vdW antiferromag-
nets, where spin ordering doubles the unit cell and folds
the Brillouin zone. Consequently, phonons at finite mo-
menta are folded to the center of the Brillouin zone,
making them optically active. Such zone-folded optical
phonons are not only observed with static probes, such
as Raman spectroscopy (Cui et al., 2023; Kim et al.,
2019b; Lee et al., 2016a; Mai et al., 2021; Sun et al.,
2019a; Vaclavkova et al., 2021), but can also be coher-
ently populated by an external drive (Ilyas et al., 2024;
Luo et al., 2024b; Mertens et al., 2023; Ning et al., 2024).
For example, coherent breathing modes that modulate
interplane exchange interactions emerge across the mag-
netic transition in the topological antiferromagnet series
MnBi2nTe3n+1 (Lee et al., 2023a; Padmanabhan et al.,
2022a). These A1g modes, argued to be zone-boundary
phonons, become optically bright due to scattering with
the magnetic wavevector. Their amplitudes change as

antiferromagnetism melts or switches to ferromagnetism
under a high external magnetic field.

Optical phonons that modulate spin-exchange interac-
tions not only exhibit enhancements across the magnetic
ordering temperature but also show intimate correlations
with specific electronic transitions. In the zigzag vdW
antiferromagnet CoPS3, polarization rotation measure-
ments show that a coherent Bg phonon that involves
the in-plane motion of Co2+ is significantly enhanced
below the Néel temperature TN. This amplification is
most efficiently driven through ISRS when the pump
photon energy is resonant with the d-d transition of Co
(Khusyainov et al., 2023). Similarly, in the XY-type
zigzag antiferromagnet NiPS3, an Ag phonon that gen-
erates equally spaced sidebands in the electronic struc-
ture becomes visible below TN (Ergeçen et al., 2022).
This mode, which modulates the interatomic Ni-S bond
length, is strongly correlated with localized d-d transi-
tions due to the local inversion symmetry breaking at Ni
sites below TN. However, in the Ising-type zigzag anti-
ferromagnet FePS3, polarization rotation measurements
reveal that the zone-folded Ag mode, though also de-
tectable only in the presence of magnetic order, is ef-
fectively excited when the pump photon energy is reso-
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nant with d-d transitions or above the charge-transfer
bandgap (Mertens et al., 2023). Because the phonon
amplitude follows the trend of the absorption spectrum,
DECP likely plays the dominant role in the initiation of
this fully symmetric mode.

Spin-lattice coupling also dramatically affects the ex-
citation of acoustic modes. A striking example can be
found in antiferromagnet FePS3, where a gigahertz acous-
tic phonon undergoes an order of magnitude amplifica-
tion as the temperature drops below TN [Figs. 17(a),(b)]
(Zong et al., 2023). Using a suite of ultrafast diffraction
techniques, Zong et al. identify this coherent acoustic
phonon as a seesaw-like interlayer shear mode that mod-
ulates the angle of the monoclinic structure β, with fre-
quencies inversely proportional to the sample thickness
[Figs. 17(c),(d)] (Bartram et al., 2022; Zong et al., 2023).
By probing the magnetization dynamics through tran-
sient optical rotation measurements, they show that the
enhancement of this interlayer shear correlates with ul-
trafast demagnetization, which serves to release the elas-
tic energy coming from local strains. Moreover, ultrafast
microscopy directly reveals multiple odd and even har-
monics of this acoustic phonon below TN, suggesting the
emergence of standing waves in the acoustic cavity con-
fined by the two surfaces of the FePS3 thin film (Zhou
et al., 2023a). Above TN, however, the dominant acoustic
response shifts to in-plane propagating modes, suggest-
ing that the development of magnetism can profoundly
influence the phonon excitation channels.

In ferromagnets, net magnetization can induce a
dichroic response to left- and right-handed circularly po-
larized light. A notable example is bulk CrI3, where co-
herent phonons exhibit a clear dependence on driving
light helicity. Resonant pumping with the d-d transi-
tion (t2g-eg, which is Jahn-Teller active), launches two
A1g modes through ISRS (Padmanabhan et al., 2022c).
Whereas the mode that involves in-plane motion of I ions
exhibits no particular pump-helicity dependence across
all sampled temperatures, the mode associated with trig-
onal breathing of I shows an unambiguous dependence on
pump helicity [Figs. 17(e),(f)]. The amplitude ratio of
this A2

1g phonon upon left versus right-handed circularly
polarized pulses exhibits an order-parameter-like onset at
the Curie temperature TC. Such circular dichroism arises
because the out-of-plane phonon modulates the exchange
interaction, leading to intertwined lattice and spin oscil-
lation assisted by local single-ion moment changes. These
modes are also excited when pumping resonant with the
charge-transfer transition, with DECP being the predom-
inant mechanism (Li et al., 2022a).

The frequency of coherent phonons can also show an
abrupt change upon onset of magnetism, a feature that
can be monitored with conventional Raman spectroscopy,
as has been shown in various antiferromagnets (Cui et al.,
2023; Kim et al., 2019b; Lee et al., 2016a; Mai et al.,
2021; Sun et al., 2019a). Time-domain techniques have

demonstrated particularly salient changes in phonon fre-
quencies that are coupled to magnons in vdW antiferro-
magnets. In CoPS3, FePS3, and FePSe3, optical phonons
with Ag or Bg symmetries that couple to magnons with
identical symmetries exhibit an unconventional soften-
ing as the temperature approaches TN from below, which
is absent for modes that exhibit negligible coupling to
magnons (Ilyas et al., 2024; Khusyainov et al., 2023; Ning
et al., 2024). Moreover, in the itinerant vdW ferromag-
net Fe3GeTe2, the frequency of an out-of-plane A1g mode
can be manipulated by adjusting the pump light polar-
ization, as it modulates the magnitude of the restoring
forces (Brennan et al., 2024; Gong et al., 2022). These
modes can further mediate the ultrafast demagnetiza-
tion process, as demonstrated by simulations of the time-
dependent density functional theory (rt-TDDFT) in real
time (Wu et al., 2024b; Zhou et al., 2024b).

Time-domain coherent phonon spectroscopy also offers
unique insights into the phase of coherent lattice vibra-
tions that cannot be discerned from conventional Raman
spectroscopy. In vdW magnets, the oscillation phase of
coherent phonons can undergo dramatic changes across
magnetic transitions, revealing alterations in the excita-
tion mechanism as magnetism develops. For instance,
in the ferromagnet CrSiTe3, exciting the charge-transfer
transition reduces the electrostatic interaction between
Te and Cr, creating a repulsive force that expands the
distance between the two layers of Te sandwiching Cr.
Thus, a A1g phonon will be generated using conventional
DECP. However, as short-range magnetic correlations de-
velop, another competing mechanism dubbed spin-DECP
starts to participate, producing an attractive force that
leads to a higher exchange interaction value [Fig. 17(g)]
(Ron et al., 2020). Therefore, the sign of initial dis-
placement along the relevant phonon coordinate will be
reversed when spin-DECP dominates over conventional
DECP, resulting in a phase flip of π. Note that such a
phase flip occurs at the elevated temperature T2D where
short-range correlations occur, higher than the 3D mag-
netic ordering temperature TC [Fig. 17(h)]. If the driving
light frequency is red-detuned from the charge-transfer
resonance, the spin-DECP channel is shut off, and the
phase flip disappears. In particular, such a phase change
is absent for the symmetry-breaking Eg mode. Similarly,
in the antiferromagnet FePS3, a 7.41 THz Ag mode in-
volving trigonal distortions of the Fe-S octahedra shows a
decrease in amplitude and a simultaneous phase shift of π
around TN [Fig. 17(j)] (Ergeçen et al., 2023). This behav-
ior is absent in another 11.45 THz Ag mode, which only
involves in-plane S distortions. In contrast to the pre-
vious case, which can be understood as a change in the
photoexcited potential energy surface across the transi-
tion temperature, the phase flip here arises from the mag-
netoelastic coupling-induced displacement of the equilib-
rium potential energy surface mainly along the trigonal
distortion coordinate [Fig. 17(i)].
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B. Ultrafast exciton dynamics

vdW magnets have been found to host unique types
of excitons coupled to the magnetic order that are dis-
tinct from other conventional types of excitons, such as
Frenkel and Wannier excitons, which form due to the
Coulomb interaction between electrons and holes (Kit-
tel, 2021). For example, in the vdW antiferromagnet
NiPS3, a very sharp exciton was observed only below the
Néel temperature using resonant inelastic X-ray scatter-
ing (RIXS), photoluminescence, and optical absorption
measurements (Kang et al., 2020). This exciton was ini-
tially characterized as a transition from a Zhang-Rice
triplet to a Zhang-Rice singlet. However, a later study us-
ing ultra-high-resolution RIXS clarified that the exciton
in NiPS3 is a Hund’s exciton, i.e. its formation is due to
Hund’s exchange interactions (He et al., 2024). By study-
ing the dispersion of the Hund’s exciton, they revealed
that its propagation is similar to a double-magnon. Other
works have highlighted the anisotropic nature of the ex-
citon and the coupling of its polarization to the magnetic
order (Hwangbo et al., 2021; Wang et al., 2021a).

Given the unique magnetic coupling of the exciton in
NiPS3 at equilibrium, it holds promise for unconventional
phenomena when driven out of equilibrium. An experi-
mental study (Belvin et al., 2021) investigated the low-
energy response of NiPS3 when excitons are photoex-
cited. They mapped the THz spectrum as a function
of time after photoexcitation and revealed both coher-
ent magnon oscillations and a Drude response at low
frequencies, as shown in Fig. 18(a), indicating a coex-
istence of itinerant conductivity and antiferromagnetic
order in the photoinduced state. The Drude response
was found to have a quadratic dependence on pump flu-
ence [Fig. 18(d)], indicating that exciton dissociation is
responsible for the production of itinerant carriers. The
coherent magnon response is discussed in more detail in
the next section. Another ultrafast THz study on NiPS3

(Warshauer et al., 2025) studied the effect of tuning the
pump photon energy around the exciton at 1.476 eV.
They observed a long-lived state with negative photo-
conductivity, indicating population inversion, as shown
in Fig. 18(f).

Another compound with interesting exciton proper-
ties is the vdW antiferromagnetic semiconductor CrSBr.
This compound is an A-type antiferromagnet, in which
each layer orders ferromagnetically and has antiferro-
magnetic coupling between adjacent layers. This ma-
terial hosts Wannier exciton transitions that are sensi-
tive to interlayer electronic coupling. The Wannier exci-
tons have a large binding energy of 0.5 eV for a mono-
layer and 0.25 eV for bulk CrSBr, and these transitions
are anisotropic as shown in polarization-resolved optical
spectroscopy, in which the exciton transition at 1.34 eV
only visible when light is polarized along the crystallo-
graphic b-axis (Wilson et al., 2021). Photoluminescence

measurements under an applied magnetic field demon-
strate that the exciton is coupled to the magnetic or-
der. Time-resolved measurements (Bae et al., 2022) have
also demonstrated that above-gap photoexcitation gen-
erates coherent magnons that modulate exciton energies
(see the next section for more details). This magneto-
excitonic coupling is found to originate from interlayer
electronic interaction since the monolayer CrSBr shows
no change in the exciton energy while in the bilayer the
exciton energy redshifts abruptly at a critical field of
0.134 T since it undergoes a spin flip transition from
antiferromagnetic to ferromagnetic ordering. This effect
is attributed to spin-allowed interlayer hybridization of
electron and hole orbitals as shown by Green’s function-
Bethe-Salpeter equation (GW-BSE) calculations. Such a
coupling between excitons and magnetism in CrSBr of-
fers an efficient way to monitor and manipulate the spin
degrees of freedom using optical light tuned near the ex-
citon resonance.

Using time-resolved polarization nanoscopy at THz fre-
quencies, another experimental study (Meineke et al.,
2024) investigated the ultrafast dynamics of excitons in
CrSBr. They excite the sample with ultrashort optical
pulses and probe the near-field THz response. In bulk
CrSBr, they observe relaxation dynamics due to scat-
tering with phonons, defects, or paramagnons, with an
exciton lifetime of 15 ps [Fig. 18(h)]. In a monolayer, the
recombination dynamics occurs on the very fast timescale
of 0.5 ps [Fig. 18(i)], indicating the formation of 1s ex-
citons, as excitons formed by energetically distant bands
or unbound electron-hole pairs become quenched by the
Coulomb interaction.

C. Coherent magnon generation

The optical excitation of coherent magnons has been
observed in various magnetic materials over the last cou-
ple of decades (see (Kirilyuk et al., 2010; Němec et al.,
2018) for excellent reviews covering this topic). Here, we
focus specifically on vdW magnets and survey the mecha-
nisms for coherent magnon generation recently reported
in these systems. Although some mechanisms are the
same as those for 3D magnetic systems, certain features
resulting from the quasi-2D nature of vdW magnets allow
for unique optical excitation pathways.

1. vdW antiferromagnets

In the previous section, we saw that the vdW anti-
ferromagnet NiPS3 possesses a unique type of magnet-
ically coupled exciton. When this exciton transition is
resonantly photoexcited, it leads to the generation of a
coherent magnon (Belvin et al., 2021). This experiment
used ultrafast THz emission spectroscopy, which detects
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FIG. 18. Ultrafast exciton dynamics. (a) Spectro-temporal evolution of the pump-induced change in the real part of the THz
conductivity (∆σ1) of NiPS3 at 20 K. (b) Temporal evolution of ∆σ1 at the energies of the Drude peak and the magnon peak
taken as line cuts from the spectrum in (a). (c) Spectrally-integrated pump-induced change of the THz electric field (∆E) as
a function of time delay. The black dashed lines are fits to the sum of a damped oscillation and an exponential background.
(d),(e) Amplitude of the oscillation (d) and the Drude exponential decay (e) extracted from the fits in (c). (f) Pump-induced
change in the THz electric field (∆E/E) of NiPS3 at 7 K for a pump photon energy of 1.476 eV. ∆E/E remains negative for
tens of picoseconds. The oscillations correspond to a magnon mode. (g) ∆E/E for pump photon energies of 1.476 eV and
1.610 eV (absorption onset) in which the signal is short lived and positive. (h),(i) Pump-induced change of the THz peak
electric field of the near-field response of bulk (e) and monolayer (f) CrSBr as a function of pump-probe time delay for various
pump photon energies. Panels (a)-(e) are from Belvin et al. (2021). Panels (f) and (g) are from Warshauer et al. (2025). Panels
(h) and (i) are from Meineke et al. (2024).

THz radiation emitted by the sample following an op-
tical pump pulse. Such a signal is a direct measure of
coherent magnons, since dipoles in the sample oscillat-
ing perpendicular to the light propagation direction will
emit radiation. Figure 19(a) shows the THz emission re-
sponse of NiPS3 when the exciton is resonantly excited.
The signal consists purely of a single damped sinusoidal
oscillation at the frequency of a magnon around 1.3 THz.
The temperature dependence of the THz emission reveals
a softening toward the Néel temperature (TN = 157 K),
confirming its magnon character [Fig. 19(b)]. However,
the magnon frequency is slightly redshifted compared to
the equilibrium frequency, as shown in Fig. 19(c), and the
amount of redshift is linearly proportional to the density
of photogenerated excitons. It cannot be explained by
heating [Fig. 19(d)]. A simple theoretical model demon-
strates that the change in spin of the exciton transition
leads to a reduction in the magnon frequency. Therefore,
this unique magnetically coupled exciton is responsible
for the coherent generation of the magnon.

Additional ultrafast studies on NiPS3 have uncovered
even more mechanisms for coherent magnon generation
when the system is pumped in other regions of the op-
tical absorption spectrum, in particular, in the vicinity
of a lower energy spin-allowed (∆S = 0) d-d transition.
One study (Afanasiev et al., 2021b) found that resonantly
exciting this d-d transition results in the coherent exci-
tation of a magnon at 0.3 THz. This experiment used
time-resolved Faraday rotation and is therefore sensitive
to magnons with out-of-plane magnetization oscillations
(compared to THz emission which is sensitive to in-plane
oscillations). The Faraday rotation signal yields sinu-
soidal oscillations at 0.3 THz, as shown in Fig. 19(e),
whose temperature dependence shows a frequency soft-
ening that matches the expected critical scaling. The
dependence of the oscillation amplitude on the linear po-
larization angle of the pump reveals a cos(2θ) behavior
[Fig. 19(f)]. The mechanism of the coherent generation
of this magnon can be attributed to an ultrafast light-
induced change in the magnetocrystalline anisotropy.
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FIG. 19. Coherent magnon generation in NiPS3. (a) Temporal evolution of the emitted THz electric field (E) from NiPS3

at various temperatures showing coherent magnon oscillations. (b) Fourier transform of the time traces in (a). The magnon
energy softens as the temperature approaches TN . (c) Comparison of the magnon energies as a function of temperature at
equilibrium and out of equilibrium from the THz emission, revealing that the magnon energy of the driven system is redshifted.
(d) Absorbed pump fluence dependence of the energy of the magnon oscillations at 20 K obtained from fits to the THz emission
data. The magnon energy decreases linearly in both cases. (e) Temperature dependence of the time-resolved Faraday rotation
after photoexcitation with a photon energy of 1.08 eV (resonant with the d-d transition). (f) Pump polarization dependence
of the magnon amplitude. The angle ϕ is the angle between the linear pump polarization and the crystallographic a-axis. (g)
Normalized THz emission at 15 K as a function of time after the pump pulse for a range of pump photon energies (0.80–
1.05 eV). (h),(i) Pump polarization dependence of the magnon amplitude extracted from fits to the THz emission for pump
photon energies 0.825 eV (transparency) and 1.025 eV (resonant with the d-d transition), respectively. For the transparent region
(h), the magnon amplitude follows a cos(2θ) dependence, while for the resonant case (i), the amplitude is nearly independent of
the pump polarization angle. (j) Pump-induced change in the Faraday rotation angle as a function of time at 12 K for varying
polarizations of the pump (depicted by the arrows on the right). (k) Pump polarization dependence of the initial phase of the
magnon oscillations extracted from fits to the time traces in (j). Panels (a)-(d) are from Belvin et al. (2021). Panels (e) and
(f) are from Afanasiev et al. (2021b). Panels (g)-(i) are from Allington et al. (2025). Panels (j) and (k) are from Toyoda et al.
(2024).

A subsequent theoretical study (Seifert et al., 2022)
proposed two microscopic mechanisms for the optical
excitation of coherent magnons in vdW magnets: the
resonant pumping of atomic orbital excitations and a
light-induced Floquet spin Hamiltonian. The former was
shown to agree with the experiment of (Afanasiev et al.,
2021b), while the latter provides a microscopic frame-
work for understanding magneto-optical effects (e.g., in-
verse Faraday effect and inverse Cotton-Mouton effect;
also described phenomenologically as impulsive stimu-
lated Raman scattering) that have been reported in many
magnetic systems. This theoretical framework can also
be applied to 2D magnets with XY spin Hamiltonians
(such as NiPS3 in the monolayer limit) and therefore has
implications for the study of excitations of a Berezinskii-

Kosterlitz-Thouless phase.

Coherent magnon dynamics in NiPS3 has also been
measured using ultrafast THz emission spectroscopy
(Allington et al., 2025). By pumping the system in
the same spectral region as the ultrafast Faraday rota-
tion study (Afanasiev et al., 2021b), another generation
mechanism was uncovered. The experiment found that
when the pump is on resonance with the spin-allowed
d-d transition, the magnon at 1.3 THz is coherently ex-
cited through this new mechanism, while when the pump
photon energy is tuned to a transparent region below
this transition, the magnon is instead launched coher-
ently via a magneto-optical effect. Figures 19(g)-(i) dis-
play the striking change in the pump polarization depen-
dence across these two different photoexcitation condi-
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tions, indicating that distinct microscopic mechanisms
are responsible for coherent magnon generation. The
mechanism of resonant excitation, which does not yield
dependence on the pump polarization angle θ, involves
dissipative dynamics as a key component, such that the
system must be modeled as an open quantum system us-
ing a Lindbladian picture. The decay process from the
excited state back to the ground state manifold provides
the initial conditions for launching the coherent spin pre-
cession. We note that this dissipation-based mechanism
can also explain the coherent generation of the 0.3 THz
magnon mode but since this mode is less sensitive to
dissipation, the earlier theory of (Seifert et al., 2022) is
sufficient to explain the experimentally observed results
in (Afanasiev et al., 2021b). In the transparent region of
photoexcitation, the coherent magnon amplitude follows
the expected cos(2θ) dependence for magneto-optical ef-
fects.

Beyond discovering new optical generation mecha-
nisms for coherent magnons, there is also a desire to
control the properties of the excited magnons. Another
time-resolved Faraday rotation study on NiPS3 (Toyoda
et al., 2024) demonstrated control over the phase of co-
herent magnons using both circularly polarized and lin-
early polarized light. This work used the same resonant
photoexcitation conditions as (Afanasiev et al., 2021b)
to generate the 0.3 THz magnon coherently. They found
that the magnon phase changes by 180◦ for opposite he-
licities of a circularly polarized pump, and for orthogonal
directions of a linearly polarized pump, which were at-
tributed to non-thermal magneto-optical effects. More-
over, they were able to achieve a continuous tuning of the
coherent magnon phase by varying the ellipticity of the
pump polarization between linear and circular, as shown
in Figs. 19(j),(k).

Therefore, we see that the vdW antiferromagnet NiPS3

enables the optical generation of coherent magnons via
various microscopic mechanisms depending on the pho-
ton energy of the pump relative to electronic transitions
in the material, as well as the symmetry of the magnon
modes that can be excited and detected. These works
also lay the groundwork for the control of magnon proper-
ties and dynamics via selective optical excitation, which
could have applications in spin-based technological de-
vices.

Coherent magnon generation has also been reported
in another vdW antiferromagnet of the same family,
MnPS3. A study of MnPS3 using time-resolved SHG
(Matthiesen et al., 2023) demonstrated the launch of a
coherent magnon when pumping an orbital resonance.
Since the magnetic point group of MnPS3 breaks the in-
version symmetry, the magnetic order can be detected
through SHG. They pump the system with a photon en-
ergy in resonance with a transition from the ground state
of Mn2+ ions 6A1g (t32ge2g) which is an orbital singlet with
S = 5/2 to an excited state 6T1g (t42ge1g) which is an or-

bital triplet with S = 3/2 at an energy of 1.92 eV. As
shown in Fig. 20(g), the pump-induced change in SHG
intensity shows oscillations at a frequency of 119 GHz,
which corresponds to the magnon energy gap of MnPS3.
The coherent magnon oscillations are only observed when
the pump is resonant with this transition and are ab-
sent for pump photon energies below the orbital res-
onance [Fig. 20(h)]. The initial phase of the magnon
oscillations is near zero, indicating that the spins pre-
cess due to an impulsive force rather than a thermal
displacive excitation. The microscopic mechanism of
coherent magnon generation can be understood as fol-
lows: the pump excites electrons into an orbital-angular-
momentum-carrying excited state that enables a tran-
sient coupling of spin and orbital angular momentum.
This in turn reorients the magnetic anisotropy direction
during the excited state lifetime and exerts an impulsive
torque that initiates the spin precession (similar to that
observed in NiPS3 (Afanasiev et al., 2021b)).

Coherent magnons can also be generated via the mag-
netic dipolar process by applying an AC magnetic field
that is resonant with their energies (Kampfrath et al.,
2011). In this case, the magnons are linearly driven,
with their amplitude scaling proportionally to the driving
field strength. In the Ising-type zigzag antiferromagnets
FePS3 and FePSe3, the strong onsite magnetic anisotropy
gives rise to a sizable magnon gap in the THz range, en-
abling the excitation of magnons with intense THz pulses.
Recent experiments have confirmed the coherent linear
excitation of magnons with Ag and Bg symmetries (or
a combination of both, see the Magnon-Phonon Cou-
pling section) when subjected to a high-field THz pulse
with a bandwidth encompassing their energies (Luo et al.,
2024b; Ning et al., 2024).

The vdW semiconductor CrSBr has also attracted sig-
nificant attention in the context of coherent magnon gen-
eration. This material also features excitons coupled to
magnons, as we saw in the previous section. An ex-
perimental work (Bae et al., 2022) used photoexcitation
above the gap to launch coherent magnons and probed
their oscillations using broadband reflectivity. The spin-
dependent interlayer electron-exchange interaction in this
compound couples the Wannier excitons to the interlayer
magnetic order. When coherent magnons are generated,
the exciton energy changes due to changes in this in-
terlayer electron-exchange interaction, and therefore the
magnon oscillations can be detected as coherent oscil-
lations in the exciton energy. Two coherent magnons
are observed, at frequencies of 24 and 34 GHz, corre-
sponding to in-phase and out-of-phase spin precessions,
respectively. Additionally, these measurements can be
extended to the 2D limit of CrSBr. Figure 20(b) shows
that the coherent magnon oscillations are observed in the
transient reflectivity spectra of the bulk CrSBr down to
the two-layer CrSBr. The magnon oscillations are very
long lived, with a coherence time of 5 ns [Fig. 20(d)].
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FIG. 20. Coherent magnon generation in other vdW antiferromagnets. (a) Transient reflectivity spectra ∆R/R as a function
of pump-probe delay time ∆t and probe energy hν for five layer CrSBr. (b) Frequency of the in-phase (IN) and out-of-phase
(OP) magnon modes as a function of the number of layers in the sample. (c) Magnitude of the modulation of the exciton energy
δEex as a function of the number of layers. (d) Vertical cut of the spectrum in (a) at hν = 1.359 eV. (e) Snapshots of spatially
resolved transient reflectivity measurements with a magnetic field of 1 T applied along the c direction. (f) Snapshots of spatially
resolved transient reflectivity measurements with a magnetic field of 0.35 T applied along the a direction. The images in (e)
and (f) were obtained by rastering the pump across the sample and measuring the reflectivity at fixed time delays between the
pump and probe. (g) Pump-induced change in the SHG intensity of MnPS3 for different pump photon energies ranging from
0.88 to 1.97 eV. (h) Magnon oscillation amplitude obtained from fits to the time traces in (g) plotted with reflectance showing
the orbital resonance. (i) Pump-induced Kerr rotation as a function of pump-probe delay time in bilayer CrI3 for different
in-plane magnetic field strengths. (j) FFT amplitude of the time traces in (i) after subtraction of the exponential background
due to demagnetization. Panels (a)-(d) are from Bae et al. (2022). Panels (e) and (f) are from Sun et al. (2024). Panels (g)
and (h) are from Matthiesen et al. (2023). Panels (i) and (j) are from Zhang et al. (2020b).

A subsequent study on CrSBr (Sun et al., 2024) inves-
tigated the propagation of coherent magnon wavepack-
ets following optical excitation. They found that
magnon propagation is mediated by long-range magnetic
dipole-dipole interactions rather than short-range ex-
change interactions. Figures 20(e),(f) show the magnon
wavepacket propagation for two different low-frequency
magnon modes at 21 and 32 GHz, respectively. The two
magnon branches have very different propagation dynam-
ics: wave packets of the lower frequency band propa-
gate with an isotropic group velocity, while those of the
higher frequency band show unidirectional propagation
with twice the group velocity of the lower band. These
features, along with their observation that the group ve-
locities of the magnon wave packets depend on the sample
thickness, implies that long-range magnetic dipole cou-
pling is responsible for the propagation dynamics. Quan-
titative agreement is found between the experimental

data and a theory of dipolar spin waves for easy-plane
antiferromagnets.

Coherently generated magnons have also been ob-
served in other families of atomically thin vdW antifer-
romagnets. A study on antiferromagnetic CrI3 bilayers
(Zhang et al., 2020b) revealed optically excited coherent
magnons using the time-resolved magneto-optical Kerr
effect (MOKE). The sample used was a heterostructure
of bilayer CrI3 on monolayer WSe2. Figure 20(i) shows
oscillations in the Kerr rotation signal as a function of
time corresponding to magnon modes. The proposed
mechanism for the generation of coherent magnons is
that the optical pump excites excitons in the WSe2 layer,
which then dissociate and lead to electron transfer at the
CrI3-WSe2 interface and an impulsive perturbation of the
magnetic interactions in CrI3 by these hot carriers. Addi-
tionally, they demonstrated that the magnon frequencies
can be tuned by tens of gigahertz by varying the gate
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voltage, changing the system from hole doping to elec-
tron doping.

2. vdW ferromagnets

Now, we turn to coherent magnon generation in ferro-
magnets. An experimental study on the ferromagnetic
vdW compound Fe3.6Co1.4GeTe2 using time-resolved
MOKE (Gong et al., 2024) found that coherent magnons
can be launched and controlled with ultrafast optical ex-
citation. As shown in Fig. 21(a), oscillations are ob-
served in the pump-induced Kerr rotation as a time de-
lay function, corresponding to a coherent magnon. By
tuning the pump laser polarization, they observed a sub-
stantial modulation of the magnon frequency, amplitude,
and lifetime [Figs. 21(b)-(d)]. First-principles calcula-
tions demonstrate anisotropic optical absorption of dif-
ferent crystal orientations, suggesting that the coherent
generation of magnons is due to the modification of the
effective demagnetization field and magnetic anisotropy
caused by the anisotropic optical absorption for different
pump polarizations.

Similar work was performed on Fe3GaTe2 (Zhang
et al., 2024c). This study used time-resolved MOKE to
observe coherent magnons as a function of applied mag-
netic field [Fig. 21(e)]. They observe an ultrafast demag-
netization upon laser excitation followed by magnetiza-
tion precession and relaxation. The spin precession fre-
quency reaches up to 351.2 GHz, as shown in Fig. 21(f),
which is the highest reported for any 2D ferromagnetic
material and is attributed to the strong perpendicular
magnetic anisotropy in Fe3GaTe2 owing to the large spin-
orbit coupling between the Fe d orbitals and the Te and
Ga p orbitals. Such high spin frequencies are promising
for spintronics applications.

Another work investigated the magnetization dynam-
ics in the vdW ferromagnetic semiconductor Cr2Ge2Te6
(Hendriks et al., 2024). In contrast to purely ther-
mal mechanisms reported for other 2D ferromagnets,
they find that coherent opto-magnetic phenomena play
an important role in exciting magnetization dynamics.
They observe laser-induced oscillations of the magneti-
zation in the time-resolved Faraday ellipticity as shown
in Fig. 21(g). The results can be explained by an in-
terplay of the inverse Cotton-Mouton effect and photo-
induced magnetic anisotropy, as well as a more conven-
tional thermal mechanism. This work demonstrates that
the magnetization precession amplitude can be controlled
by tuning the charge carrier density through electrostatic
gating. A study on Cr2Ge2Te6 using time-resolved Fara-
day rotation (Zhang et al., 2020a) also observed pump-
induced precession of magnetization. Still, it was at-
tributed to laser-induced heating of the sample, causing
instantaneous demagnetization that triggers the preces-
sion.

3. vdW multiferroics

Lastly, we discuss the coherent generation of electro-
magnons in vdW multiferroics. Electromagnons are elec-
tric dipole active spin waves and are soft modes of a mul-
tiferroic phase. The optical generation of coherent elec-
tromagnons has been demonstrated in the vdW multi-
ferroic NiI2. An experimental study on NiI2 (Gao et al.,
2024) using time-resolved SHG and Kerr rotation mi-
croscopy revealed coherent oscillations of electromagnon
modes. They extract the dynamical magnetoelectric cou-
pling constant and find it to be very large, surpass-
ing that of other known multiferroics. The reason for
this large value can be understood by considering that
the electromagnons in NiI2 originate from the inverse
Dzyaloshinskii-Moriya interaction, rather than phonon-
mediated mechanisms in other multiferroics, and this
electronic nature combined with strong d-p hybridiza-
tion between the nickel and iodine atoms gives rise to a
giant electric polarization and magnetoelectric coupling
strength. Coherent electromagnons in NiI2 have also
been observed using ultrafast THz spectroscopy (Belvin,
2022). Investigations of the generation of coherent elec-
tromagnons are still in their infancy, and the microscopic
mechanisms for such processes remain an open question.

D. Coupling of collective modes

Emerging from the interplay between charge, spin, and
lattice sectors, collective bosonic excitations, namely ex-
citons, magnons, and phonons, exhibit intricate inter-
actions within and between sectors. These couplings
can generate new hybrid quasiparticles that combine the
characteristics of their parent modes, paving the way for
optically tunable intertwined phononic, magnonic, and
spintronic applications.

1. Phonon-phonon coupling

Focusing on interactions exclusively within the lat-
tice degrees of freedom, anharmonic coupling between
different phonons arises from the symmetry properties
of crystal structures and phonon modes. When an
IR-active phonon is optically driven to large ampli-
tudes, it can nonlinearly couple to other Raman-active
modes in the lattice under specific symmetry constraints
(Först et al., 2011). Nonlinear phononics has opened
a multitude of novel pathways for engineering quan-
tum phases with mode-selective control, such as en-
hancing or inducing superconductivity (Budden et al.,
2021; Fausti et al., 2011; Mitrano et al., 2016), re-
versing or stabilizing ferroelectricity (Li et al., 2019c;
Mankowsky et al., 2017; Nova et al., 2019), driving
structural phase transitions (Sie et al., 2019), modulat-
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FIG. 21. Coherent magnon generation in vdW ferromagnets. (a) Pump-induced Kerr rotation of Fe3.6Co1.4GeTe2 as a function
of pump-probe delay time for different pump polarization angles. (b)-(d) Magnon frequency (b), amplitude (c), and decay
time (d) as a function of pump polarization angle extracted from fits to the time traces. (e) Pump-induced MOKE signal of
Fe3GaTe2 at 10 K under different external magnetic field strengths. (f) Frequency of the spin precession extracted from fits to
the time traces in (e). (g) Time-resolved Faraday ellipticity of Cr2Ge2Te6 with an applied magnetic field of 100 mT for three
different values of charge carrier density ∆n. Panels (a)-(d) are from Gong et al. (2024). Panels (e) and (f) are from Zhang
et al. (2024c). Panel (g) is from Hendriks et al. (2024).

(c)(b)(a)

(d)
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FIG. 22. Nonlinear phonon and magnon coupling. (a) Upper: experimental two-dimensional nonlinear THz spectroscopy of
MnBi2Te4. Lower: simulated nonlinear THz spectroscopy with two-photon (∝ E2), one-photon-one-IR-phonon (∝ QIRE), and
two-IR-phonon (∝ Q2

IR) as the driving force. (b) Schematic illustration of the one-photon-one-IR-phonon excitation mechanism.
(c) Magnon spectra of CrSBr measured at three selected magnetic field angles θab with the dispersion of the bright (|B⟩) and
dark (|D⟩) magnons highlighted by white dashed lines. (d) Schematic illustration of the eigenvector of the bright and dark
magnons. (e) Magnon spectrum at θab = 2◦ with all the second-order nonlinear components denoted. SHG: 2ω1,2; DFG:
ω1 − ω2; SFG: ω1 + ω2. (f) Magnon spectrum with high harmonics. Panels (a) and (b) are adapted from Blank et al. (2023).
Panels (c) and (d) are adapted from Diederich et al. (2023). Panels (e) and (f) are adapted from Diederich et al. (2024).
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ing exchange interactions (Afanasiev et al., 2021a), flip-
ping magnetism (Stupakiewicz et al., 2021), polarizing
ferrimagnetism through the piezomagnetic effect (Disa
et al., 2020), and stabilizing fluctuating ferromagnetism
(Disa et al., 2023). Given the strong magnetoelastic
coupling in vdW magnets, exploiting the nonlinearity
among phonons can potentially lead to light-driven mag-
netic (or even topological) phase transitions, enabling
new controllable opto-mechanical-spintronic functional-
ities (Rodriguez-Vega et al., 2022).

A state-of-the-art optical technique for probing nonlin-
ear couplings between different modes is two-dimensional
(2D) nonlinear spectroscopy, particularly in the THz
range, which is resonant or near-resonant with many tar-
geted excitations (Johnson et al., 2019; Lu et al., 2017).
Technically, this method introduces an additional pump
with a tunable time delay τ along with the delay of the
primary pump probe t. A 2D Fourier transform of sig-
nals as a function of t and τ produces a 2D THz spec-
trum as a function of the detection frequency ωt and the
excitation frequency ωτ . If an excited mode at ω1 is cou-
pled to another mode at ω2, a resonance peak appears at
(ωτ = ω1, ωt = ω2). Furthermore, this technique can dis-
tinguish between the various aforementioned mechanisms
for exciting Raman-active phonons, such as two-photon
sum or differential frequency generation, one-photon-one-
phonon IRRS, or two-phonon IRS, by analyzing the de-
tailed spectral structure [Fig. 22(b)]. As an example,
in the vdW topological antiferromagnet MnBi2Te4, 2D
THz spectroscopy revealed that the interaction between
a coherently excited IR-active Eu phonon and a photon
drives coherent oscillations of a Raman-active Eg phonon
through IRRS [Figs. 22(a),(b)] (Blank et al., 2023). Sim-
ilarly, in the zigzag antiferromagnet FePS3, coherent os-
cillations of Ag and Bg phonons are launched by Au and
Bu IR-active phonons through IRRS (Ilyas et al., 2024).
Since the lattice structure is tied to topological and mag-
netic properties, uncovering nonlinear phononic channels
raises a plethora of opportunities for ultrafast engineering
of magnetism.

2. Magnon-magnon coupling

In analogy to the lattice sector, coupling between
magnons gives rise to various nonlinear magnon-magnon
mixed states, forming the foundation of nonlinear
magnonics (Zhang et al., 2024e,f). The vdW antiferro-
magnet CrSBr exhibits a rich variety of states arising
from such nonlinear magnonic interactions. In CrSBr,
the antiferromagnetically ordered spins align collinearly
along the crystallographic b-axis. A magnetic field ap-
plied along the a-axis slightly cants the spins, resulting
in two magnon eigenmodes. The acoustic magnon, in-
volving in-phase precession of the two sublattice spins
(S1,S2) with a fixed angle between them, is optically in-

visible and forms a dark state |D⟩. In contrast, the op-
tical magnon, involving synchronized counter-rotations
of S1 and S2 with a time-dependent net magnetization
and varying intersection angle, is optically bright (|B⟩)
[Fig. 22(d)]. When the magnetic field is rotated away
from the a-axis by an angle θab in the ab-plane, the fre-
quencies of both modes can be continuously tuned, and
optical detection of the dark state becomes possible. By
varying the magnitude of the external magnetic field,
an avoided crossing between |B⟩ and |D⟩ is observed,
proving their hybridization [Fig. 22(c)] (Diederich et al.,
2023). As θab increases, the splitting grows linearly, ef-
fectively brightening the dark state. Further application
of uniaxial strain can enhance the coupling between |B⟩
and |D⟩ and alter their dispersion curvature. Recent ex-
periments with improved signal-to-noise ratio have fur-
ther revealed the existence of many nonlinear magnonic
phenomena in this system: when |D⟩ is brightened due
to magnetic-field-induced symmetry breaking, sum fre-
quency generation (SFG) and differential frequency gen-
eration (DFG) of |B⟩ and |D⟩ also emerge [Fig. 22(e)]
(Diederich et al., 2024). Notably, since the energy of
DFG, as well as that of the two individual magnons, can
be tuned by adjusting the angle and magnitude of the
external magnetic field, the DFG peak can be tuned into
resonance with one magnon, giving rise to the parametric
amplification of this mode. Additionally, high harmonic
generation (HHG) of |B⟩ up to at least the 20th order
has been observed, exhibiting a non-perturbative nature
and underscoring the extreme magnonic nonlinearity of
this system [Fig. 22(f)]. This unique optical access to
nonlinear magnonics in the microwave range offers the
potential to use CrSBr as a quantum transducer, while
different nonlinear processes pave the foundation for gen-
erating entangled magnons and parametric amplification
of weak signals.

3. Magnon-phonon coupling

The interplay can occur between the lattice and mag-
netic degrees of freedom, resulting in the emergence
of hybridized quasiparticles known as magnon polarons
(MPs). Conventionally, these modes arise when the ener-
gies of the two quanta come into proximity. Historically,
previous research has focused extensively on MPs formed
by acoustic phonons and magnons in ferromagnetic mate-
rials, where their hybridization occurs at finite momenta
in the gigahertz range (Temnov, 2012). However, recent
static Raman and IR spectroscopy studies have revealed
MPs originating from optical phonons and magnons with
identical irreducible representations at zero momentum
in various vdW antiferromagnets (Liu et al., 2021d; Luo
et al., 2023b; Mai et al., 2021; Zhang et al., 2021d). In the
Ising-type zigzag antiferromagnets FePS3 and FePSe3,
the large onsite magnetic anisotropy produces a signif-
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icant magnon gap, situating the acoustic magnons in the
THz range. Under finite magnetic fields, magnon ener-
gies can approach various Raman-active phonon frequen-
cies, generating avoided crossings between them, marking
the formation of MPs (Cui et al., 2023; Jana et al., 2023b;
McCreary et al., 2020; Vaclavkova et al., 2021).

Recent ultrafast experiments further corroborate the
persistence of MPs even at a zero external magnetic field
in FePS3 and FePSe3. This is evident in the coexistence
of distinct excitation pathways characteristic of both
magnons and phonons. Specifically, in these inversion-
symmetric compounds, magnons can be linearly excited
by a THz magnetic field through the magnetic-dipole pro-
cess, while Raman-active phonons can only be excited
through second-order nonlinear pathways, as discussed
previously. These channels exhibit different behaviors in
polarimetry experiments: variation in the amplitude of
the mode as a function of the driving THz field polar-
ization angle [Fig. 23(a)]. For FePS3 and FePSe3, the
amplitude of the linear channel is maximized when the
driving magnetic field is aligned with the magnon mag-
netization, showing a two-petal pattern represented by
cos(ϕ) or sin(ϕ). In contrast, the amplitude of the nonlin-
ear channel follows a homogeneous quadratic polynomial
of cos(ϕ) and sin(ϕ), exhibiting four petals or a “peanut"
like shape depending on the symmetry. For an MP, both
channels are activated. Their coherent superposition will
produce a polar pattern with ostensible symmetry break-
ing. Experimentally, using a broadband THz pump to
activate both linear and nonlinear excitations at vari-
ous polarization angles, various reported phonons man-
ifest as coherent oscillations in the polarization elliptic-
ity change of a transmitted optical pulse, which display
drive-amplitude-dependent polarimetry patterns. For ex-
ample, a Bg phonon exhibits a distorted two-lobe pattern
at low field strengths, which transforms into a four-petal
pattern with unequal lobe sizes at high field strengths
[Figs. 23(b),(c)] (Luo et al., 2024b). This crossover can
be quantitatively described by the combination of linear
and nonlinear excitation channels, with the linear path-
way dominating at low field strengths and the nonlinear
pathway prevailing at high field strengths. These results
highlight that the phonons determined by static Raman
or IR spectroscopy acquire a magnetic dipole, signifying
the emergence of MPs even at a zero external magnetic
field. Furthermore, this tunability enables control of the
MP dynamical symmetry, expanding the current scope
of magno-phononic control of magnetism.

The magnon-phonon coupling can also induce the
emergence of chiral quasiparticles. Chirality appears in
crystals that break all improper rotational symmetries,
which can host exotic electronic excitations such as Weyl
fermions (Hasan et al., 2017). Chiral structural excita-
tions carrying angular momentum, with atoms circulat-
ing in elliptical trajectories, can even appear in achiral
materials. Recent reports related to chiral phonons sug-

gest that they may underlie various phenomena, includ-
ing the induction of unconventional thermal Hall effects
(Chen et al., 2022a; Grissonnanche et al., 2019, 2020), the
activation of the Spin Seebeck effect (Kim et al., 2023d),
mediating angular momentum transfer during demagne-
tization (Dornes et al., 2019; Tauchert et al., 2022), the
generation of giant magnetic moments (Juraschek et al.,
2020, 2022; Kahana et al., 2024; Luo et al., 2023c), and
engineering magnetic orders (Basini et al., 2024; Davies
et al., 2024). Typically, these chiral modes are degen-
erate at the center of the Brillouin zone. Selective ex-
citation of a single-handed enantiomer usually requires
circularly polarized pulses in the THz or MIR range, or
magnetic fields to lift the degeneracy (Basini et al., 2024;
Baydin et al., 2022; Cheng et al., 2020; Cui et al., 2023;
Davies et al., 2024; Disa et al., 2020; Lujan et al., 2024;
Luo et al., 2023c; Wu et al., 2023b). However, intrin-
sic magnon-phonon coupling provides a route to realize
nondegenerate chiral phonons by transferring the intrin-
sic ellipticity of the spin procession to phonons, leading
to chiral MPs. Chiral phonons were first theoretically
proposed in the vdW ferromagnet CrI3 and Néel antifer-
romagnet VPSe3 (Bonini et al., 2023; Wang et al., 2024a)
and have been experimentally identified in the antiferro-
magnet FePSe3 (Ning et al., 2024). In this material, two
phonons of Ag and Bg symmetries and two magnons of
Ag and Bg symmetries inherently reside at nearly equiva-
lent energies, forming strongly coupled MPs. THz pump
experiments have confirmed the dominant linear excita-
tion channel. However, the observed polar pattern, a
two-petal pattern rotated away from the crystallographic
axes and lacking nodes, clearly deviates from conven-
tional magnetic-dipole symmetry [Fig. 23(d)]. Quanti-
tative fitting and modeling suggest that the eigenbases
at zero magnetic field are no longer pure Ag and Bg
symmetries but rather their combination with phase re-
tardation, i.e. Ag + reiψBg, where r is the ratio of the
two compositions and ψ is their relative phase difference.
This highlights the spontaneous emergence of nondegen-
erate chiral phonons at the center of the Brillouin zone
without external stimuli.

4. Exciton-magnon and exciton-phonon couplings

Magnons and phonons can strongly interact with var-
ious charge-transfer, d-d, or excitonic transitions, as dis-
cussed in the previous section. Here, we focus on the
coupling between magnons and phonons with excitons,
charge-neutral electron-hole pairs, in vdW magnets. In
the A-type antiferromagnet CrSBr, exciton-magnon cou-
pling manifests itself as coherent magnons that are only
detectable when the probe energy is near an exciton res-
onance (Bae et al., 2022; Sun et al., 2024). This interac-
tion is strongly evidenced by the π-phase flip of magnon
oscillations across excitonic resonances, a signature of
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FIG. 23. Coupling between phonons, magnons, excitons, and photons. (a) Schematic illustration and simulated driving field
polarization dependence of the amplitudes of magnon, Raman-active phonon, and MP. Grey and white lobes correspond to
opposite phases. (b),(c) Amplitudes as a function of the driving field polarization angle extracted from fitting to the broadband
THz pump optical polarization ellipticity probe time traces at relatively low and high driving field strengths in FePS3. The
color bars on the right indicate the relative strengths of the nonlinear (phonon, red) versus linear (magnon, blue) components
obtained by the fitting (solid lines). (d) Phase-resolved polarimetry of the chiral MP in FePSe3 upon a broadband THz pump.
(e) Transient reflectance spectra of CrSBr around its exciton resonances with the incoherent decay background subtracted upon
an above-bandgap pump at 1.7 eV. (f) Transient absorption spectra of CrBr3 at selected time delays under an above-gap pump
at 2.95 eV. BR0, BR1, and BR2 represent band renormalizations of charge transfer and excitonic transitions, respectively. PIA1

and PIA2 represent photo-induced absorption coming from exciton polarons. (g) Spectrogram of the THz-pump-SHG-probe
time trace in NiI2. (h) Reconstructed phonon polariton dispersion from (g) and fitting with a coupled Lorentz oscillator. (i)
Angle-resolved simulated reflectance spectrum and experimental photoluminescence spectrum of CrSBr. (j) Angle-resolved
reflectance contrast mapping of NiPS3 overlaid with fitting by a coupled model between a single cavity mode and three exciton
resonances X1, X2 and X3. Panels (a)-(c) are adapted from Luo et al. (2024b). Panel (d) is adapted from Ning et al. (2024).
Panel (e) is adapted from Bae et al. (2022). Panel (f) is adapted from Yin et al. (2022). Panels (g) and (h) are adapted from
Luo et al. (2024a). Panel (i) is adapted from Dirnberger et al. (2023). Panel (j) is adapted from Dirnberger et al. (2022a).

mode-modulated optical transitions [Fig. 23(e)]. With
respect to exciton-phonon interactions, strong electron-
phonon coupling can lead to the formation of exciton-
polarons, where excitons are dressed by lattice distor-
tions. These composite quasiparticles appear as mul-
tiple evenly spaced polaronic bound states close to the
excitonic peaks in the spectrum, reminiscent of polaron
shake-off sidebands observed in other condensed matter
systems (Kang et al., 2018; Lee et al., 2014; Shen et al.,
2004; Wang et al., 2016b). For example, in the XY-type
zigzag antiferromagnet NiPS3, equilibrium spectral mea-
surements reveal evenly spaced sidebands due to cou-
pling with A1g phonons on the high-energy side of ex-
citonic peaks (Hwangbo et al., 2021). Similarly, in the
A-type antiferromagnet CrSBr, photoluminescence spec-
troscopy reveals various phonon side bands appearing
on the low-energy end of the exciton peak (Lin et al.,
2024). Time-resolved photoluminescence further shows
that the exciton-phonon scattering lifetime increases as
the temperature approaches TN from below and then sat-

urates. Alternatively, exciton polarons may form tran-
siently upon light excitation, as observed in ferromag-
nets CrI3 and CrBr3 (Jin et al., 2020; Li et al., 2022a;
Yin et al., 2022). In these systems, small localized exci-
ton polarons emerge as photoinduced peaks near the ex-
citonic peaks in the absorption spectra, accompanying,
but distinct from, features from band renormalization of
the excitonic or charge-transfer transitions [Fig. 23(f)]
(Yin et al., 2022). They appear within picoseconds due
to the spontaneous localization of photoexcited electron-
hole pairs and decay in two steps within ∼nanoseconds
via radiative recombination and nonradiative Auger re-
combination. Combined time-dependent transient ab-
sorption, photoluminescence, and first-principles simu-
lations demonstrate that the formation mechanisms of
these highly localized exciton polarons involve local Jahn-
Teller distortions that break the symmetry (Li et al.,
2022a). Interestingly, the phonons involved in polaron
formation in all aforementioned cases correspond to out-
of-plane vibrations of ligand atoms with A1g symmetry,
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potentially suggesting the universal but unconventional
nature of this trigonal distortion in vdW magnets.

5. Polaritons

In the presence of external light excitation, bosonic
excitations with dipole moments such as the previously
mentioned IR-active phonons and excitons can interact
with quantized photons, forming polaritons (Basov et al.,
2016; Low et al., 2017). These new eigenmodes mani-
fest as anticrossings when the dispersive photons coincide
with the relatively dispersionless bosonic resonances at
finite momentum and energy. The confinement of light
possibly on subdiffraction-limited length scales in vdW
materials establishes polaritonics as a promising pathway
to harvest and manipulate light-matter interactions.

Photoexcited coherent IR-active phonons radiate elec-
tromagnetic waves that reciprocally re-excite these dipo-
lar vibrations, forming propagating light-lattice hybrids
known as phonon polaritons (PPs). These quasiparticles
further enable exploration of nonlinear phononics and
modulation of material properties (Bakker et al., 1998;
Henstridge et al., 2022; Von Hoegen et al., 2018). Recent
studies on vdW antiferromagnets that break inversion
symmetry, such as NiI2 and MnPS3, demonstrate the
resonant excitation of broadband PP using THz pulses
and their “time-of-flight" detection with time-resolved
SHG (Luo et al., 2024a). The spectrogram ω(t) of the
time traces reveals a time-dependent chirped mode cor-
responding to the spread-out PP wavepacket, in addi-
tion to two IR phonons with Eu and A2u symmetries
[Fig. 23(g)]. The group velocity, the derivative of the
dispersion relation vg = dω/dk, can also be easily de-
rived from vg = 2l/t(ω), where l represents the thickness
of the sample. PP dispersions can be reconstructed by in-
tegrating vg, further revealing a hidden magnon-phonon
bilinear coupling as a kink in the lower dispersion branch
[Fig. 23(h)].

Exciton polaritons (EP) are commonly realized using
Febry-Pérot microcavities with significant Rabi splitting.
However, vdW materials can serve as intrinsic resonators
due to their large dielectric mismatch with the vacuum,
enabling confinement of photons and self-hybridization
without a closed cavity structure (Ruta et al., 2023).
In antiferromagnetic CrSBr, they emerge as various un-
evenly distributed side bands below exciton resonances
(Dirnberger et al., 2023). Angle-dependent photolumi-
nescence and reflectance spectra resolve the dispersion
of up to seven mode branches, with increasing exciton-
like character leading to reduced curvature and larger
effective mass [Fig. 15(d)]. The strong coupling strength
g places bare CrSBr in the ultrastrong coupling regime
defined by g/EX > 0.1, where EX is the bare exciton
energy. In particular, the large anisotropy of CrSBr
gives rise to permittivities of opposite sign along dif-

ferent crystallographic axes, producing hyperbolic EPs
that facilitate light confinement at sub-diffraction-limited
length scales (Ruta et al., 2023). Moreover, the EPs
in CrSBr also show strong magnetic field and tempera-
ture dependence, making them sensitive to both coherent
magnon oscillations and incoherent thermal magnon pop-
ulations (Dirnberger et al., 2023; Nessi et al., 2024; Wang
et al., 2023c). In another zigzag antiferromagnet, NiPS3,
spin-dressed many-body excitons interact with photons
to form EPs within microcavities. These EPs mani-
fest as anticrossing signatures in the reflectance spectra,
which vanish upon heating to TN [Fig. 23(j)] (Dirnberger
et al., 2022a). Further photoluminescence results uncover
an unconventional relaxation bottleneck characterized by
suppression of exciton-exciton dissociation, further en-
riching the dynamics of these hybrid modes.

E. Metastability and optical switching of magnetism

The ability to coherently launch various collective
modes using optical pulses, along with the complex in-
terplay among these excitations and their interactions
with light, has opened up a wealth of possibilities for
driving nonthermal phase transitions. Intense optical
stimuli can generate electronic, magnetic, or phononic
excitations, steering the system into regions of its po-
tential energy landscape that are otherwise inaccessible
under equilibrium conditions (Basov et al., 2017; Disa
et al., 2021; Kirilyuk et al., 2010; Oka and Kitamura,
2019; Orenstein, 2012; de la Torre et al., 2021). These
advances have enabled a large portfolio of photoinduced
phase transitions across structural (Frigge et al., 2017;
Morrison et al., 2014; Teitelbaum et al., 2018), ferroelec-
tric (Li et al., 2019c; Mankowsky et al., 2017), magnetic
(Kim et al., 2012; Li et al., 2013; Radu et al., 2011), topo-
logical (Luo et al., 2021; Ning et al., 2022; Sie et al., 2019;
Wang et al., 2013), charge density wave (Duan et al.,
2021; Kogar et al., 2020; Rohwer et al., 2011; Yoshikawa
et al., 2021), superconducting (Fausti et al., 2011; Mi-
trano et al., 2016), excitonic (Liu et al., 2021b; Ning
et al., 2020), orbital (Beaud et al., 2014; Ichikawa et al.,
2011; Ning et al., 2023), and metal-insulator transitions
(Fiebig et al., 1998; Liu et al., 2012), heralding a new
frontier of dynamical and controllable quantum phase en-
gineering.

To this end, myriad light-induced dynamical phase
transitions have been theoretically predicted and ob-
served in a vast array of vdW magnets. For instance, pho-
toexciting spin-orbit-entangled excitons in the antiferro-
magnetic insulator NiPS3 can lead to a transient anti-
ferromagnetic metallic phase (Belvin et al., 2021). Tran-
sient magnetization accompanied by interorbital charge
motion and weakening of antiferromagnetism is theoret-
ically proposed and experimentally observed in the an-
tiferromagnet RuCl3 (Amano et al., 2022; Tian et al.,
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FIG. 24. Critical behaviors in FePS3. (a),(b) Fitted rise and decay time of polarization rotation dynamics upon a 3 eV pump
as a function of temperature, with a divergence around TN. (c) Relaxation time of (0 0 2), (0 -2 2) peak shifts and monoclinic
angle change upon a 3 eV pump as a function of temperature. (d) Polarization ellipticity change time traces upon a broadband
THz pump at selected temperatures. (e)-(g) Fitted amplitude, rise time, and decay time of polarization ellipticity time traces
in panel (d) as a function of temperature. (h) Schematic illustration of the eigenvector of the phonon that modulates exchange
couplings and thus induces net magnetization. Bonds with enhanced and suppressed exchange interaction are shown by thick
and thin lines, respectively. Red and blue spheres correspond to spin-up and spin-down Fe ions, respectively. All solid lines are
power-law fit. Panels (a) and (b) are adapted from Zhang et al. (2021e). Panel (c) is adapted from Zhou et al. (2022). Panels
(d)-(h) are adapted from Ilyas et al. (2024).

2019b; Zhang et al., 2023), with the possibility of ac-
cessing the proximate Kitaev quantum spin liquid phase
(Sriram and Claassen, 2022; Viñas Boström et al., 2023).
The topological antiferromagnet MnBi2Te4 was proposed
to undergo a transition to a ferromagnet when nonlin-
early driven by the displacement of a breathing A1g

phonon (Rodriguez-Vega et al., 2022). Furthermore, in
heterostructures formed by an antiferromagnet and a fer-
romagnet or by two different ferromagnets with antipar-
allel magnetizations, rt-TDDFT simulations predict the
development of transient ferrimagnetism during demag-
netization processes via interlayer asymmetric spin or
charge transfer (He et al., 2023; Zhou et al., 2023b).

A pressing challenge is to identify strategies to extend
these nonequilibrium phases beyond a few picoseconds to
metastable or permanently switched states, which have
only been rarely observed (Budden et al., 2021; Disa
et al., 2023, 2020; Ichikawa et al., 2011; Liu et al., 2012,
2024; McLeod et al., 2020; Nova et al., 2019; Rini et al.,
2007; Rowe et al., 2023; Schlauderer et al., 2019; Sto-
jchevska et al., 2014; Vaskivskyi et al., 2015; Zhang et al.,
2016). In this section, a few examples of optically induced
metastable or permanent switching of magnetism in vdW
magnets will be introduced.

1. Metastable state

A promising strategy to sustain a metastable phase
involves operating near phase-transition temperatures

where critical slowing down occurs. At these tempera-
tures, the order parameters associated with competing
phases remain unhardened, with significant fluctuations
that allow external stimuli to effectively tip the balance
between different energy scales in favor of a new ground
state. In the Ising-type antiferromagnet FePS3, pulses
with high-energy photons that directly excite the elec-
tronic subsystem induce demagnetization through heat-
ing. Polarization rotation measurements, which directly
track the dynamics of the magnetic order, reveal a power-
law divergence in both the rise and decay times of the
demagnetization at TN, extending to 100 ps and 1 ns,
respectively [Figs. 24(a),(b)] (Zhang et al., 2021e). Simi-
larly, time-resolved X-ray diffraction, which monitors the
dynamics of lattice degree of freedom, shows that the re-
covery of interlayer shear — the primary structural dis-
tortion coupled to magnetic ordering — exhibits a crit-
ical slowing down at TN, reaching up to ∼microseconds
[Fig. 24(c)] (Zhou et al., 2022). Furthermore, recent op-
tical characterization uncovers emerging ferromagnetism
in FePS3 interfaced with WS2 layers due to a large inter-
facial exchange field (Gong et al., 2023). These results
establish FePS3 as an ideal platform for exploring po-
tential metastable magnetism. Indeed, recent advances
have demonstrated that pumping with intense broad-
band THz pulses can induce metastable magnetization,
signified by circular dichroism emerging out of equilib-
rium [Figs. 24(d)] (Ilyas et al., 2024). Remarkably, this
metastable state has lifetimes as long as ∼milliseconds.
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The amplitude and lifetime of the metastable state both
achieve maxima at TN with power-law divergence, sug-
gesting the critical role of fluctuations in prolonging
the lifetime [Figs. 24(e)-(g)]. Combined Monte Carlo
and spin dynamics simulations further elucidate the mi-
croscopic mechanism underlying metastable magnetiza-
tion: the displacement of a specific nonlinearly generated
Raman-active phonon enhances the magnetic exchange
interactions within one zigzag chain while weakening it in
the neighboring one. This imbalance induces a finite out-
of-plane net magnetization from the slightly perturbed
antiferromagnetic motif [Fig. 24(h)]. These theoretical
results confirm that the relaxation back to equilibrium
follows critical slowing down close to the second-order
phase transition, with the critical exponent consistent
with a 3D Ising universality class. These findings provide
a concrete benchmark vdW system to engineer magnetic
phases with THz nonlinear phononics and establish re-
gions near critical points with significant order parame-
ter fluctuations as promising platforms for searching for
metastable states.

F. Optical switching of magnetic phases

Beyond static tuning knobs such as external magnetic
fields (Huang et al., 2017; Wilson et al., 2021), electric
fields (Huang et al., 2018; Jiang et al., 2018b), strain
(Cenker et al., 2022; Hwangbo et al., 2024), pressure
(Li et al., 2019b; Song et al., 2019), and electrostatic
doping (Jiang et al., 2018a), optical pulses offer a dy-
namic route for manipulating vdW magnetism. This
capability, known as all optical switching (AOS), holds
promise for non-volatile magneto-optical memory devices
with ultrafast data storage and processing functionalities.
Light-enhanced ferromagnetism was observed in the few-
layer ferromagnetic metal Fe3GeTe2 using linearly po-
larized pulses (Liu et al., 2020a). MOKE probes an in-
crease in net magnetization and TC, accompanied by a
quenching of coercivity, with increasing light intensity
[Figs. 25(b),(c)]. The enhancement of TC and exchange
arises from light-excited holes that downshift the Fermi
level, increasing the density of states that strengthens
the Stoner effect. Simultaneously, the uniaxial magnetic
anisotropy decreases, reducing the coercivity. In this
case, an ultrafast laser is required to generate enough
carriers per pulse, and time-resolved measurements show
that the ferromagnetism develops within ∼100 ps and
persists beyond ∼1 ns.

Intuitively, it should be possible to reverse magnetic
orders in ferromagnets using circularly polarized pulses,
as they naturally break time reversal symmetry, allowing
linear coupling to magnetic orders. However, such rever-
sal was only achieved in a heterostructure composed of
a thick film of ferromagnetic CrI3 interfaced with WSe2.
The experiments first showed the wide tunability of the

valley polarization (±40%) and the valley Zeeman split-
ting (effective exchange field over 20 T) in WSe2 by vary-
ing the optical excitation power over an order of magni-
tude (Seyler et al., 2018b). Such tunability stems from
flipping of the magnetization of the adjacent layer CrI3.
This was later corroborated by Kerr imaging of CrI3: op-
tical excitation leads to intrinsically helicity-dependent
partial and reproducible switching between up and down
spin states only in regions where CrI3 interfaces with
WSe2, suggesting the essential role of interfacial spin-
polarized charge transfer (Dabrowski et al., 2022). Sur-
prisingly, linearly polarized light can also be used to tog-
gle between the spin state, due to the imbalance in life-
time and population of spin-polarized electrons in the two
valleys in the heterostructure. Later, a breakthrough was
achieved with a reversible deterministic AOS of ferromag-
netism in bare atomically thin CrI3 layers, triggered by
circularly polarized pulses [Figs. 25(d)-(h)]. The strong
dependence on photon energy and polarization further
indicates that this process is related to angular momen-
tum transfer from the photoexcited carrier spins to the
local moments of the valence Cr d orbitals, rather than to
mechanisms such as the inverse Faraday effect, where cir-
cularly polarized light induces a magnetic field that flips
the magnetization, or the thermal process of the mag-
netic circular dichroism, where different domains exhibit
helicity-dependent absorption (Zhang et al., 2022d).

Surprisingly, selective AOS has also been realized in
a fully compensated A-type antiferromagnet. In even-
layer MnBi2Te4 with zero net magnetization, circularly
polarized light induces circular dichroism exclusively in
reflection but not in transmission (Qiu et al., 2023). Such
circular dichroism originates from the quantum geomet-
ric properties of the material, namely axion magnetoelec-
tric coupling. Experiments further showed that unlike
continuous laser irradiation, which deterministically in-
duces antiferromagnetic order upon cooling down from
the paramagnetic phase, ultrafast pulses enable direct
and reversible switching of magnetic domains without the
need for thermal cycling [Fig. 25(a)].

Because of the existence of magnetic domains, opti-
cal pulses can also create nontrivial spin textures with
particular topology or chirality. Wide-field Kerr mi-
croscopy demonstrates the formation of magnetic bubbles
and stripes upon exposure to different numbers of pulses
in the vdW ferromagnet CrGeTe3, which stems from co-
alescence or isolation of magnon droplets after heating-
induced demagnetization [Figs. 25(i),(j)] (Khela et al.,
2023). Moreover, magnetic bubbles can be switched to
stripe domains, while the reversed transition requires the
application of external fields. Spin dynamics simula-
tions also predict the emergence of skyrmions and anti-
skyrmions in this material and merons and antimerons in
another ferromagnet CrCl3, pointing to a path for stable,
reproducible, and reversible topological magnetic switch-
ing (Strungaru et al., 2022).
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FIG. 25. Optical switching of magnetism. (a) Reflective magneto circular dichroism (RMCD) mapping of opposite AFM
domains of 8-layer MnBi2Te4 upon ultrafast left-handed circularly polarized 1.2 eV pulse excitation. The insets show the
schematic of the A-type AFM structure. (b),(c) Magneto optical Kerr rotation (MOKE) as a function of magnetic field induced
and detected by 3.1 eV ultrafast pulses with various fluences in 4-layer and 2-layer Fe3GeTe2. (d)-(g) RMCD mapping at
zero field for trilayer CrI3 in spin-up or spin-down states before [(d), (f)] and after [(e), (g)] circularly polarized pulsed light
exposure at 2.03 eV in areas enclosed by the dashed box. (h) Repeated switching measurements with the schematic of the
A-type AFM structure showing on the right. (i),(j) Wide-field Kerr imaging of spin textures in CrGeTe3 after 100 and 10
pulsed laser irradiation, respectively. The scale bar is 5 µm. Panel (a) is adapted from Qiu et al. (2023). Panels (b) and (c)
are adapted from Liu et al. (2020a). Panels (d)-(h) are adapted from Zhang et al. (2022d). Panels (i) and (j) are adapted from
Khela et al. (2023).

These results highlight the diverse mechanisms and
functionalities of optical control in vdW magnets, offering
a versatile platform for ultrafast magneto-optical applica-
tions. By enabling deterministic, reversible engineering
of magnetic and topological states, AOS in vdW magnets
advances prospects for next-generation spintronic tech-
nologies.

G. Floquet engineering

Floquet engineering has emerged as a promising ap-
proach for controlling microscopic interactions in solids,
resulting in changes to macroscopic properties or even
entirely new phases of matter. Several excellent re-
views have discussed the principles of Floquet engineer-
ing and applications to a variety of material systems (Bao
et al., 2022; Basov et al., 2017; Oka and Kitamura, 2019;
Rodriguez-Vega et al., 2021; de la Torre et al., 2021).
Here, we focus exclusively on vdW magnets whose high
crystalline qualities and tunability make them a promis-
ing playground for Floquet engineering.

1. Theory

There have been many theoretical proposals demon-
strating the Floquet engineering of magnetic exchange
interactions. One theory work (Chaudhary et al., 2019)
investigated 2D transition metal trichalcogenides, whose
spin interactions are mediated by nonmagnetic ligand
ions. They showed that the superexchange interactions

can be modified by using a periodic Floquet drive to
manipulate the orbital degrees of freedom of the ligand
ions. Figure 26(a) depicts the process of the ligand or-
bitals being replaced by hybridized photon-dressed or-
bitals during a periodic drive, which shifts the energies
of the virtual excitations involved in the exchange pro-
cess. Another theoretical work (Chaudhary et al., 2020)
considers realistic models of 2D magnetic materials and
provides a framework for Floquet engineering of the ex-
change interaction via changes in the hopping param-
eter due to photon-assisted tunneling and virtual exci-
tations between different Floquet sectors. The drive-
induced changes to the spin exchange interactions be-
tween nearest-neighbors and further neighbors differ as a
result of different bond angles and the number of ligand
ions involved in each exchange process. Since different
magnetic ground states are predicted to be realized under
different ratios of nearest- to further-neighbor exchange,
Floquet engineering was proposed to be a route to dy-
namically tune between them [Fig. 26(b)]. In addition to
modifying the exchange, it was shown that pumping on
resonance with orbital transitions between crystal field
split levels of magnetic ions can also dynamically alter
the magnetic anisotropy in the transition metal trichalco-
genide NiPS3 (see the Coherent Magnon Generation sec-
tion for further details), further broadening the utility
of Floquet engineering for designing magnetic Hamilto-
nians.

Other theoretical works have proposed that the Flo-
quet engineering of vdW Kitaev quantum magnets can
be used to realize a quantum spin liquid state (Arakawa
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FIG. 26. Floquet engineering. (a) Schematic diagram of the Floquet engineering of spin exchange interactions in 2D transition
metal trichalcogenides mediated by ligand orbitals. Left: Virtual hopping of electrons between the magnetic ion (M) and ligand
ion (X). Right: Under a periodic drive, the ligand orbitals are replaced by hybridized photon-dressed orbitals, which shifts the
energy levels of virtual excitations and thereby modifies the exchange interactions. (b) Changes in magnetic coupling strength
for second and third nearest neighbor as a function of drive parameter ζ0 = eEa/ω for a periodically driven Fermi-Hubbard
model on a honeycomb lattice. (c) Spin exchange couplings J , K, and Γ and emergent magnetic field h as a function of drive
strength ζ for a multi-orbital strongly spin orbit coupled Hubbard model. (d) (i) Tr-ARPES spectra of MnBi2Te4 for various
pump-probe delay times t at 8 K. Crystal momentum kx is along the M -Γ-M direction. Sidebands are indicated by the dashed
lines and the induced Dirac gap is indicated by the gray triangle for t = 0 ps. (ii) Energy distribution curves along the Dirac
point (k = 0) for the spectra shown in (i). The triangles indicate the position of the peaks closest to the Dirac point. (e) Top:
Time-resolved rotational anisotropy SHG patterns of MnPS3 at 10 K using a subgap drive with a photon energy of 0.66 eV and
electric field strength of 109 V/m. The black curves are fits to a Floquet model. Bottom: Change in SHG intensity ∆I/I as
a function of time for different pump photon energies. (f) Top: Non-driven SHG spectrum at 10 K. Middle and Bottom: SHG
spectra for different pump intensities compared to the non-driven spectrum (gray shaded region). Panel (a) is from Chaudhary
et al. (2019). Panel (b) is from Chaudhary et al. (2020). Panel (c) is from Kumar et al. (2022). Panel (d) is from Bielinski
et al. (2025). Panels (e),(f) are from Shan et al. (2021).

and Yonemitsu, 2021; Kumar et al., 2022). These studies
consider multi-orbital Mott insulators with strong spin-
orbit coupling, in particular ruthenates and iridates. The
application of circularly polarized light is shown to mod-
ify the magnitudes and signs of the three relevant ex-
change interactions J (Heisenberg exchange), K (Kitaev
exchange) and Γ (symemtric off-diagonal exchange) in
these systems, as shown in Fig. 26(c). In certain cases,
they can be tuned so that K is the dominant spin in-
teraction, thereby providing conditions favorable to the
stabilization of the Kitaev quantum spin liquid phase.

In topological magnetic systems, Floquet engineering
has been proposed to induce exotic topological phenom-

ena. In one theoretical study (Viñas Boström et al.,
2020), driving a 2D vdW honeycomb ferromagnet with
circularly polarized light is shown to induce an optically
tunable synthetic scalar spin-chirality interaction that
can stabilize topological magnons. They find that the
driven system can be described by a magnon Haldane
model with a topological gap and chiral magnon edge
states. Applying this theory to monolayer CrI3 predicts
a gap of ∼ 2 meV in the magnon spectrum for an exper-
imentally realistic electric field strength of 109 V/m and
a photon energy of 1 eV for the Floquet drive that can
induce non-zero Chern numbers and chiral magnon edge
states.
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Another theoretical work investigated the magnetic
topological insulator MnBi2Te4 using Floquet engineer-
ing (Zhu et al., 2023a). MnBi2Te4 is an antiferromagnet
consisting of septuple layers (SL) coupled by weak vdW
interactions. Odd-SL MnBi2Te4 films host a quantum
anomalous Hall (QAH) state, while even-SL MnBi2Te4
films exhibit an axion insulator state with a zero Hall
plateau. This work demonstrates using a combination
of first principles and Floquet theory that circularly po-
larized light can induce topological phase transitions in
MnBi2Te4. For odd-SL films, the right circularly polar-
ized light can drive the QAH state into a normal insulator
and then to another QAH state with a reversed sign of
the Chern number; on the other hand, the left circularly
polarized light enhances the band gap by an amount that
scales with the amplitude of the driving light. For even-
SL films, circularly polarized light can tune the axion
insulator state to a QAH state.

2. Experiment

On the experimental side, Floquet-Bloch engineering
of the band structure of MnBi2Te4 has been demon-
strated using time- and angle-resolved photoemission
spectroscopy (tr-ARPES) (Bielinski et al., 2025). The ex-
periment used circularly polarized mid-IR 155 meV pump
pulses that lie below the bulk band gap of 200 meV. Snap-
shots of the tr-ARPES spectra as a function of pump-
probe delay reveal photon-dressed replicas of the original
Dirac cone as well as a gap opening at the Dirac point
[Fig. 26(d)]. Above TN , opposite helicities of the cir-
cularly polarized pump yield the same gap magnitude,
while below TN they induce substantially different Dirac
mass gaps. This can be explained by a non-uniform Dirac
mass on the surface of MnBi2Te4.

However, several challenges have precluded the realiza-
tion of Floquet engineering of magnetic exchange inter-
actions. To produce sizeable Floquet effects, the electric
field of the driving laser pulse must be sufficiently large.
However, strong driving is usually accompanied by run-
away heating and decoherence, which is detrimental to
the observation of Floquet-induced changes. An emerg-
ing strategy is to drive magnetic insulators at frequencies
far below their charge gap to minimize linear and non-
linear absorption. An experimental study on the vdW
antiferromagnet MnPS3 (Shan et al., 2021) showed that
heating could indeed be minimized with subgap driving
even at peak fields up to 109 V/m. In this strong co-
herent driving regime, they showed using time-resolved
SHG that the bandgap is widened by up to 10% as shown
in Figs. 26(e),(f). By choosing an SHG photon energy
that resonates with the band gap of MnPS3, they further
demonstrated that the SHG efficiency can be coherently
tuned by a factor of 10 based on the modulated band
gap. Floquet theory calculations using a single-ion pic-

ture reproduces the experimental results and confirms
that the amount of band gap widening is proportional to
the electric field of the Floquet drive.

V. SPINTRONICS

A. Tunable magnetic properties by diverse multi-field
approaches

Magnetic vdW materials naturally inherit the high
tunability of 2D vdW materials- the most generic ad-
vantages of the huge 2D layered materials family. In
2017, the MOKE technique discovered intrinsic ferro-
magnetism in few-layer CrI3 and CrGeTe3. Soon after,
in 2018, three independent groups performed the gat-
ing experiment to modulate the magnetic properties of
few-layer CrI3: Huang et al. employed the electrostatic
gate control technique and magneto-optical Kerr effect
(MOKE) microscopy to modulate and detect the magne-
tization in bilayer CrI3 (Huang et al., 2018). They discov-
ered the gate-controlled transition between antiferromag-
netism and ferromagnetism at finite and zero magnetic
fields and found the time-reversal pair with spin-layer
locking and consequent linear dependence of MOKE sig-
nals on gate voltage with opposite slopes [Fig. 27(a)].
Jiang et al. combined both high top-gate and back-gate
(Jiang et al., 2018a) and successfully controlled the mag-
netism with hole/electron doping in monolayer CrI3 [Fig.
27(b)]. Additionally, an antiferromagnetic to ferromag-
netic transition was realized for a bilayer CrI3 by a high
electron doping above ∼2.5×1013 cm−2 [Fig. 27(c)].
Wang et al. applied gating on a few-layer CrGeTe3 (Wang
et al., 2018b). They demonstrated a bipolar tunable mag-
netization by both hole and electron doping due to the
moment rebalance in the spin-polarized band structure
[Fig. 27(d)]. These three works unambiguously demon-
strate the gating tuneability of 2D materials and open
the door to novel optoelectronic and magnetic devices
where an electric field radically and controllably changes
the material from having no/small net magnetization to
a large one (Burch, 2018).

Compared to the ferromagnetic insulator CrI3, vdW
ferromagnetic metal, e.g., Fe3GeTe2 (FGT), is much
more difficult to exfoliate into nanoflakes due to the
strong metal bonds within the layers and probably a
greater interlayer coupling than CrI3. In 2020, Deng
et al. developed a new Al2O3-assisted exfoliation tech-
nique (Deng et al., 2018), allowing obtaining the few-
layer FGT even down to the monolayer. Moreover, the
ionic gating technique was applied to a four-layer FGT.
It significantly enhanced its Curie temperature to ∼310
K above room temperature [Fig. 27(e)], even higher
than bulk FGT’s Curie temperature of ∼205 K. Another
interesting gating experiment was reported for a pris-
tine room-temperature ferromagnetic metal Fe5GeTe2 in
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FIG. 27. Gating-tuned magnetism in several classic vdW magnets. (a) Top and bottom gate voltage mapping of the RMCD in
bilayer CrI3 under a fixed magnetic field, where an antiferromagnetic (AFM) to ferromagnetic (FM) transition can be realized
via gating. (b) Linear response of Ms, Hc, and Tc versus gate voltage (or equivalently doping density) in monolayer CrI3. (c)
Gate voltage and magnetic field mapping of the magnetic signal in bilayer CrI3, where the AFM to FM transition is likely to be
realized under zero magnetic field by applying a large gate voltage. (d) Enhancement of magnetization in few-layer Cr2Ge2Te6
by both positive and negative gate voltages. (e) Rxy versus T under an ionic gating voltage of 2.1V for a four-layer Fe3GeTe2,
whose Curie temperature is significantly boosted to 310K. (f) Continuous magnetic anisotropy tuning from out-of-plane to
in-plane easy axes by ionic gating for Fe5GeTe2 nanoflakes. Figs. (a–f) are from Huang et al. (2018); Fig. 2c in Jiang et al.
(2018a); Fig. 3b in Jiang et al. (2018a); Fig. 5d in Wang et al. (2018b); Fig. 4b in Deng et al. (2018); and Fig. 4a in Tang
et al. (2023), respectively.

2023. Tang et al. employed the same ionic gating ap-
proach and discovered that magnetic anisotropy can be
continuously modulated from a perpendicular to an in-
plane anisotropy [Fig. 27(f)] via a spin-flop pathway
(Tang et al., 2023). These electrostatic or ionic gat-
ing experiments (Burch, 2018; Deng et al., 2018; Huang
et al., 2018; Jiang et al., 2018a; Tang et al., 2023; Wang
et al., 2018b; Zheng et al., 2020) generally manipulate the
carrier density, shift the Fermi level, and consequently
tune the magnetic interactions in the systems, providing
a unique mediating tool for layered magnets.

Besides the generic gating tuning with 2D few-layer
devices, the inherent high-tuneability merit also allows
one to modulate the physical properties, particularly the
magnetic characteristics, using multiple external physical
fields. For example, light illumination can increase sat-
urated magnetization and reduce the coercivity of FGT,
and even raise its Curie temperature from 200 to 300
K due to the optical doping effect and the consequent

change in electronic structure (Liu et al., 2020a). High
pressure could also modulate the magnetization and cor-
responding anomalous Hall conductivity in bulk FGT
crystal (Wang et al., 2019b). In addition to the high-
pressure technique, Wang et al. has developed an effec-
tive strain setup by adopting the bending geometry to
apply the extensible strain to FGT (Wang et al., 2020b).
Using their techniques, they could considerably modu-
late the Curie temperature and coercive field through
this applied strain field. These diverse scientific cases
demonstrate huge opportunities for regulating magnetic
properties in the bulk, few-layer, and monolayer vdW
magnets by different methods.

B. Giant spin filter effect and its gate-tunable tunneling

The spin filter effect is usually studied using a
metal/ferromagnetic-insulator/metal sandwiched struc-
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FIG. 28. Spin filter effect in several classic vdW magnets. (a) Zero-bias conductance versus magnetic field for bilayer CrI3,
where a giant spin filter effect is observed depending on the antiparallel and parallel spin configurations in CrI3, leading
to different tunneling barriers. (b) Same as (a) but for a four-layer CrI3. (c) Consistent magnetic field dependence of the
tunneling current and the RMCD for a bilayer CrI3. (d–f) Tunneling magnetoconductance for CrI3 (d), MnPS3 (e), and CrBr3
(f), reflecting spin-flip, spin-flop, and critical fluctuations, respectively. Figs. 6.2(a–f) are reproduced from Fig. 2A–C in Klein
et al. (2018); Fig. 2D–F in Klein et al. (2018); Fig. 2A–B in Song et al. (2018); Fig. 4a in Wang et al. (2018a); Fig. TOC in
Long et al. (2020); and Fig. 2a in Wang et al. (2021b), respectively.

ture. In such a magnetic tunnelling junction, the conduc-
tion carrier with specific spin polarization can be selected
depending on the spin direction of the ferromagnetic in-
sulator spacer. As a representative vdW ferromagnetic
insulator, CrI3 is suitable for such a spin filter device in
several aspects, as detailed below [Fig. 28(a-c)].

For instance, two groups (Klein et al., 2018) (Song
et al., 2018) studied this case independently at the very
beginning of this research field. When the tunneling car-
rier passes through the junction from the top metallic

graphene to the bottom metallic graphene, the carrier
with different spin polarizations sees a low/high barrier if
the carrier spin aligns parallel/antiparallel to the magne-
tization of the ferromagnetic insulator CrI3. For bilayer
CrI3, the neighboring two layers have spins aligned an-
tiparallel in the A-type antiferromagnetic configuration
and thus, in principle, host the lowest tunneling current
(Klein et al., 2018; Song et al., 2018).

When the spin configuration of the ferromagnetic insu-
lator can be tuned by external fields/perturbations, the
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spin filter effect will also be changed correspondingly.
For example, in the bilayer CrI3 case with an out-of-
plane magnetic field, the spin configurations change from
parallel to antiparallel and then to parallel again while
sweeping the magnetic field, and so does the filtered spin-
dependent tunneling current (Klein et al., 2018; Song
et al., 2018). This spin filter effect modulated by the ex-
ternal magnetic field also applies to the general even/odd-
layered CrI3 (Klein et al., 2018; Song et al., 2018). Please
note that the spin filter process is extremely efficient in
CrI3, impressively reaching a giant record ratio of 19,000
% (Song et al., 2018). More interestingly, solid gating
could even tune the even-layer CrI3 from antiferromag-
netic to ferromagnetic states and thus tune the spin filter
effect accordingly. From another perspective, such a spin
filter effect can be an effective electrical tool to detect the
spin information of nanoscale magnetic insulators beyond
the optical probes such as nano-MOKE, etc.

The ideal spin-filter effect above can be generalized
to the tunneling spectrum of magnetic insulators, offer-
ing a unique transport probe to study diverse magnetic
insulators. One group did a series of works along this
direction in a systematic manner [Fig. 28(d-f)] start-
ing from 2018 as the above two papers, including the
very beginning work of spin-flip transitions in few-layer
CrI3 (Wang et al., 2018a), i.e., the anisotropic layered an-
tiferromagnet. They discovered the spin-flop transition
from antiferromagnetic ground states by a magnetic field
in the vdW magnet MnPS3 (Long et al., 2020). Such
phenomena were universally demonstrated from bulk to
monolayer, indicating the persistence of magnetism down
to the monolayer in this intralayer antiferromagnet of
the isotropic Heisenberg Hamiltonian (Long et al., 2020).
They also observed phase boundaries induced by crit-
ical fluctuations in the ferromagnet CrBr3, reproduced
by the spin-dependent Fowler-Nordheim model for tun-
neling, and is a direct manifestation of spin splitting of
the CrBr3 conduction band (Wang et al., 2021b). Due to
all these efforts, together with many works unmentioned,
it is clear now that tunneling spectroscopy establishes an
effective electrical way to investigate the nanoscale vdW
magnetic insulators, adding more flexibilities and oppor-
tunities beyond the specific optical approaches.

C. Magnon Transport

In addition to vertical tunneling spectroscopy, one can
also investigate magnetism by in-plane electrical trans-
port. However, for vdW magnetic insulators, in-plane
electrical transport is not ideal as a result of badly be-
haved electronic conduction determined by their large
bandgap and intrinsic insulator characteristics. In the lit-
erature, there are only a few attempts in this direction.
One group performed in-plane transport measurements
in multilayer CrPS4 and found spin-flip and spin-flop

transitions in its magnetotransport and gate-controlled
electrostatic modulation (Wu et al., 2023a). Anyway,
in a general sense, in-plane electrical transport is not a
well-suitable method for investigating magnetic insula-
tors compared to tunneling spectroscopy.

Fortunately, the magnetic insulator is ideal for an-
other kind of spintronic study, magnon transport (Le-
brun et al., 2018; Lee et al., 2021b; Uchida et al., 2010;
Wang et al., 2019c). In a classic protocol, the magnon
transport consists of magnon generation, diffusion, and
detection. At the generation end, the magnon density im-
balance is produced by a current flowing through a plat-
inum electrode via the spin Hall effect and/or thermal ac-
tivation. Then, the accumulated magnon will diffuse far
away toward the detection end. The transverse voltage
arising from the inverse spin Hall effect will be measured
at the detection end. In 2019, Xing et al. reported the
first magnon transport experiment on a vdW magnetic
insulator (Xing et al., 2019). They used A.C. current
excitations and nonlocal measurement geometry as de-
scribed above and observed long-distance magnon trans-
port in MnPS3. As the thickness of MnPS3 nanoflakes
decreases from 40 to 8 nm, the magnon diffusion length
monotonically reduces from 4.7 to 1 µm. Meanwhile,
the magnon diffusion length increases at lower tempera-
tures [Fig. 29(a)] (Xing et al., 2019). Interestingly, only
the SHG signal is observed, while the first harmonic sig-
nal is absent. Since the first harmonic response comes
from the spin Hall effect, while the second benefits from
the thermal activation, the magnon signal detected in
MnPS3 is dominantly from the thermal activation by the
current-driven Joule heating effect at the end of the gen-
eration. Similar phenomena were reproduced by another
work on MnPS3 (Chen et al., 2021a), and also in an-
other vdW antiferromagnetic insulator CrPS4 (Qi et al.,
2023). However, very recently, in a 100 nm-thick CrPS4,
de Wal et al. focused on the first harmonic signal and
observed an abrupt increase of the nonlocal spin signal
over distances exceeding 1 µm under an in-plane mag-
netic field above 6 T (De Wal et al., 2023) [Fig. 29(d)].
Since there are some differences in the sample status, es-
pecially in the thickness range, it is not yet easy to unify a
consistent picture. Obtaining a uniform and reasonable
understanding of this issue requires further exploration
and clarification.

On the other hand, Chen et al. did two main sys-
tematic works on both MnPS3 (Chen et al., 2021a) and
CrPS4 (Qi et al., 2023), and reported very instructive
results. First, they applied a D.C. current to a second
Pt electrode near the end of the generation to find that
the detected SHG signal can be reduced even to a neg-
ative signed value and then recover further in MnPS3

[Fig. 29(b)]. The D.C. current flowing in the second-
generation electrode works as a gate, in analogy to the
gate technology of the field-effect transistor. They dis-
cussed the change in thermal gradient caused by the
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FIG. 29. Magnon transport in magnetic vdW insulators. (a) Illustration of the measurement schematic for MnPS3 magnon
transport and the nonlocal SHG measurement result. (b) Schematic of gating control of MnPS3 magnon transport. The V2ω

signal is first sharply reduced to a negative value and then restored to zero under a gating current. (c) Measurement schematic
for anisotropic magnon transport in CrPS4, which is intimately related to its anisotropic magnon dispersion and Seebeck effect.
(d) The local and nonlocal first harmonic signal for CrPS4 magnon transport under a large magnetic field. Figs. 6.3(a–d) are
reproduced from Xing et al. (2019); Fig. 1c and Fig. 3a from Chen et al. (2021a); Fig. 1c and Fig. 2a–b from Qi et al. (2023);
and Fig. 3 from De Wal et al. (2023), respectively.
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two-generation currents, which combined with the See-
beck coefficients to account for this observation (Chen
et al., 2021a). Second, in another work on CrPS4, they
discovered giant anisotropy in its magnon transport and
explained this behavior from the anisotropies in magnon
dispersions (Qi et al., 2023). This magnon dispersion per-
spective provides useful information that one may con-
trol the magnon transport by tuning/selecting different
magnon bands [Fig. 29(c)]. In this way, the magnon
transport research field can be significantly expanded in
analogy to the abundant essential concepts of electronic
bands such as flat band, band dispersion/velocity/mass,
and topological band crossings, to name only a few.

There have been many interesting theoretical predic-
tions on magnon transport recently. For example, sev-
eral groups did a series of works focusing on this topic,
including magnon accumulation in chirally coupled mag-
nets (Peng et al., 2020), magnon trap by chiral spin
pumping (Yu et al., 2020), spin-wave Doppler shift by
magnon drag (Yu et al., 2021), chiral-damping-enhanced
magnon transmission (Ye et al., 2024), and giant magnon
transport enhancement via the superconductor Meissner
screening (Zhou et al., 2024a). In contrast, the experi-
mental reports are rather few, especially on the magnetic
vdW materials, which may require a large effort in the
future.

D. Large spin valve effect and the modulation of tunnelling
magnetoresistance

Unlike the spin-filter effect, the spin valve effect em-
ploys a sandwiched structure of magnetic-metal/non-
magnetic-insulator-spacer/magnetic-metal. In a con-
ventional scheme, the magnetic-metal layer is adopted
from a ferromagnetic metal, and the magnetic
tunneling junction can be denoted as free-layer-
ferromagnet/insulator/pinning-layer-ferromagnet. The
magnetization of the free-layer ferromagnet can be
changed by external stimuli such as a magnetic field,
while the pinning-layer ferromagnet remains unchanged
in its ferromagnetic magnetization direction. When cur-
rent flows through the free-layer ferromagnet, the car-
rier’s spin will be polarized parallel to the magnetiza-
tion direction of the free-layer ferromagnet. This spin-
polarized current further tunnels through the insulat-
ing spacer, which physically separates the free-layer and
pinning-layer ferromagnet, and finally passes through the
pinning-layer ferromagnet. Depending on whether the
spin polarization of the tunneling current, i.e. the free
layer’s magnetization direction is parallel/antiparallel to
the pinning-layer’s magnetization orientation, the tunnel-
ing carrier would see a low/high barrier considering the
spin-dependent scattering. Such a process would lead to
the low/high tunneling resistance representing the mag-
netic information of “0” and “1” states in a magnetic mem-

ory, which is the so-called tunnelling magnetoresistance
(TMR) effect. The TMR ratio is defined as

TMR ratio =
R(high)−R(low)

R(low)
.

Although the above physical picture is concise and
clear, there has been a long way in history to under-
stand it in all details and, most importantly, to im-
prove the spin-valve effect in a practical device. For
decades, researchers have investigated each part of the
sandwiched structures, including the free and pinning
layer ferromagnet, the insulating spacer, and different
growth/annealing conditions, etc. With the advent of
2D magnetic vdW materials, one can now easily achieve
a large spin-valve effect in vdW heterostructures, which
also exhibits great advantages to advance the TMR topic,
including high gate tuneability, high modulation poten-
tial by insulating material and thickness, and easy fabri-
cation, etc.

In 2018, Wang et al. reported a spin valve device using
a vdW magnet, that is the FGT/hBN/FGT heterostruc-
ture, and obtained a record-high TMR ratio of ∼160% at
2 K [Fig. 30(a)] (Wang et al., 2018c). At the same time,
another group also conducted very systematic investiga-
tions on the vdW TMR topic. In the beginning, they fab-
ricated the FGT/MoS2/FGT vdW heterostructure (Lin
et al., 2020), and obtained a TMR ratio of 3.1% at 10
K. This TMR ratio is around 8 times larger than that of
the reported spin valves based on MoS2 sandwiched by
conventional ferromagnetic electrodes and monotonically
decreases upon increasing temperature following Bloch’s
law. As the bias current decreases exponentially, the MR
increases linearly to a maximum of 4.1%. In 2021, they
changed the spacer to InSe and observed two distinct be-
haviors: tunneling and metallic [Fig. 30(b)]. Each behav-
ior was attributed to a pinhole-free tunnel barrier at the
FGT/InSe interface, and metallic behavior with pinholes
in the InSe spacer layer, respectively (Zhu et al., 2021b).
Tunneling devices host a large TMR ratio of 41% under
an applied bias current of 0.1 µA at 10 K, three times
greater than metallic devices. Furthermore, the tunnel-
ing device exhibits a lower operating bias current and a
more sensitive bias current dependence than the metallic
device. In 2023, the insulating spacer was replaced by
GaSe, and the TMR ratio was boosted to 192% at 10 K.
The TMR ratio was significantly modulated by varying
the thickness of the spacer layer and also the bias volt-
age (Zhu et al., 2023b). So far, it has been very popular
to use a vdW magnet and a vdW heterostructure for spin
valve devices and large TMR.

In addition to the larger TMR ratio, interesting ma-
nipulation and new physics beyond the conventional spin-
tronics were also enabled by the magnetic vdW materi-
als. Min et al. discovered the gate-tunable TMR ra-
tio and, most importantly, the emergence of a negative
TMR effect in FGT/hBN/FGT and FGT/MoS2/FGT
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FIG. 30. Large spin valve effect and the modulation of tunneling magnetoresistance using magnetic vdW metals. (a) Large TMR
in the FGT/hBN/FGT heterostructure. The parallel (antiparallel) spin configuration gives a low (high) tunneling resistance
plateau. (b) Two types of FGT/InSe/FGT heterostructures with nonlinear (Device A, pinhole-free) and linear (Device B,
pinhole) I–V curves. In general, the TMR ratio increases while lowering the tunneling current. However, Device A hosts a
higher TMR ratio with a slightly monotonic change at low tunneling current, whereas Device B shows a saturation for low
tunneling current. (c) Bias and magnetic field mapping of TMR for the FGT/hBN/FGT heterostructure, where both positive
and negative TMR ratios are observed. (d) Spin-polarized bands and Fermi level alignment without and with a bias. With a
bias, negative TMR is possible due to Fermi level shift and high spin density of states. (e) TMR varies significantly depending
on the bias voltage, so the resistance for BP and BAP oscillates and shows positive/negative TMR upon bias. Figs. 6.4(a–e)
are reproduced from Wang et al. (2018c); Fig. 2a,d and Fig. 3c,d from Zhu et al. (2021b); Fig. 2a from Min et al. (2022);
Fig. 1b,c from Min et al. (2022); and Fig. 3a from Min et al. (2022), respectively.

devices [Fig. 30(c)]. Through a physical picture and
DFT + DMFT calculations, they ascribed this effect to
the bias-modulated energy-band alignments with local-
ized minority spin states. As shown in [Fig. 30(d)], with
a bias voltage Vb applied, spin polarized electrons in the
energy window (EF − eVb, EF ) of FM 1 are injected
into the empty states of FM 2 in (EF , EF + eVb). In
particular, when a sharp density of states (DOS) peak
of the filled states with minority spins in FM 1 aligns
with the relatively large DOS hump of the empty states
with majority spins in FM 2, the TMR ratio is expected
to reverse its polarity to negative (Min et al., 2022).
They demonstrated electrically tunable, highly transpar-
ent spin injection and detection across the vdW inter-

faces. More interestingly, the net spin polarization of the
injected carriers can be modulated and reversed in polar-
ity via electrical bias [Fig. 30(e)], beneficial from the high-
energy localized spin states in the metallic ferromagnet
FGT (Min et al., 2022). A similar effect was also found
in Fe3GaTe2/GaSe/Fe3GaTe2 vdW spin valve device by
Zhu et al. (Zhu et al., 2023b). Such new phenomena and
physics are extremely difficult to achieve in conventional
spintronics, if not impossible, but are easily and more
universally produced in vdW magnet-based heterostruc-
tures. With the topic continuing, one can expect more
research opportunities in this direction. Interestingly, if
the insulating spacer is removed, one may also observe
plateau-like magnetoresistance in the FGT/FGT homo-
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junction, probably due to weak interlayer coupling and a
larger interface gap (Hu et al., 2020; Kim et al., 2020b).

E. Gigantic spin-orbit torque, field-free switching, and
all-vdW memory

In addition to the TMR effect, recently developed spin-
orbit torque is the most central topic of spintronics, as
it hosts massive advantages and possibilities and, most
importantly, is closest to practical next-generation mem-
ory applications and in-memory computing (Kurebayashi
et al., 2022; Manchon et al., 2019). Current can gener-
ate spin-orbit torque in traditional ferromagnet/heavy-
metal hybrid systems, mainly coming from the spin-orbit
coupling. The two mainstream physical mechanisms are
the spin Hall effect and the interfacial Edelstein effect.
Specifically, charge current can generate spin current by
injecting it into the ferromagnet or accumulating spin im-
balance at the interface. Both can produce a torque onto
the magnetization of the ferromagnet layer, eventually
leading to the magnetization switching.

The spin-orbit torque related to vdW magnets was first
and extensively investigated using a magnetic vdW mate-
rial FGT since it is the first and only vdW ferromagnetic
metal for the previous several years and hosts the most
favorable properties for spintronics including perpendic-
ular hard ferromagnetism, high Curie temperature up to
∼ 200 K, etc. (Fei et al., 2018; Tan et al., 2018). In
2019, Wang et al. (Wang et al., 2019a) and Alghamdi
(Alghamdi (Alghamdi et al., 2019) adopted the above
classic SOT architecture and made the FGT/Pt het-
erostructure [Fig. 31]. They investigated the SOT of the
device by field-dependent and angle-dependent second-
harmonic measurement, respectively, and also demon-
strated the SOT-induced switching by current under an
in-plane magnetic field. The effective SOT field per cur-
rent is around ∼5 Oe/(mA/µm2), 10 times greater than
conventional devices such as Pt/Fe, Ta/Fe, etc.

Note that FGT is a topological nodal-line material
with large Berry curvature (Kim et al., 2018a), which
leads to the large anomalous Hall Effect (Kim et al.,
2018a) and anomalous Nernst effect (Xu et al., 2019).
Related to this, another new kind of SOT, i.e., gigan-
tic intrinsic SOT in a single FGT (Son et al., 2021) it-
self without any heavy-metal layer, is also reported in
several studies. In 2019, Johansen et al., discussed the
possible SOT in the FGT monolayer considering special
geometrical symmetries (Johansen et al., 2019). They
found that under these symmetries, most of the SOT co-
efficients are canceled out, and only one parameter Γ0 is
left alone. The spin-orbit torque term is so simple that
it can be incorporated into its free energy expression,
indicating that SOT can directly change the magnetic
anisotropy. At the same time, Zhang et al. performed
a comprehensive study that combined theory and exper-

iment and published their results in 2020 (Zhang et al.,
2021a). In this work, the authors developed the theory
further but differently: They started from the Kubo for-
mula and derived the SOT magnitude expression, with
which they calculated the SOT strength Γ0 to be about
30 Oe/(mA/µm2) from the Berry curvature of FGT’s
topological bands (Zhang et al., 2021a). This Γ0 tells
how much magnetization was accumulated per applied
current, reflecting the deeply underlying atomic magne-
toelectric effect in FGT (Zhang et al., 2025b). In the
experiment, Zhang et al. found that the coercivity of
the hysteresis loops is greatly suppressed upon increasing
current. For example, a small current of 1.5 mA can re-
duce the coercivity by more than 50% [Fig. 32(a)], much
larger than the previously reported value of 5% for the
3-dimensional ferromagnet (Zhang et al., 2021a). One
should be concerned with Joule heating while dealing
with a current-dependent experiment. They employed
three independent methods to assess Joule heating and
concluded that Joule heating cannot fully explain our
experiment result. For example, after subtracting the
Joule heating’s contribution, the remaining net coerciv-
ity reduction is still large, roughly half the total coer-
civity reduction [Fig. 32(b)]. They also performed a
detailed assessment of the Joule heating by three dif-
ferent approaches – Method I: fabricating NbSe2/FGT
heterostructure and then use of NbSe2 as a nanofabri-
cated thermometer; Method II: use of the longitudinal
resistance Rxx of FGT itself as an internal thermome-
ter; Method III: using COMSOL simulations to estimate
Joule heating. All three methods give the same result
with temperature indifference within 10 K and support
the remaining large coercivity reduction after subtracting
the Joule heating contribution (Zhang et al., 2021a).

In their work, the authors attribute this net reduc-
tion in coercivity to the intrinsic spin-orbit torque of the
FGT. Based on the SOT scenario, they explained the
experimental observations: FGT is a hard ferromagnet
without current. If the magnetization changes from the
up to the down directions, the spin needs to overcome a
uniform perpendicular magnetic anisotropy energy bar-
rier (Ms × Kz/2). When current is applied, magnetic
anisotropy can be suppressed along a particular direc-
tion by SOT (via the term Γ0 × J), leading to a heavily
reduced coercivity [Fig. 32(d-e)]. In other words, current-
driven SOT can induce the hard-to-soft transition in
FGT (Zhang et al., 2021a). Such in-plane anisotropy
in the free-energy landscape was also supported by the
in-plane AMR effect in their work. They also obtained
the SOT magnitude from the coercivity reduction exper-
imental data [Fig. 32(c)], close to the calculated value. It
is about 100 times larger than conventional heavy metals
Platinum and Tantalum [Fig. 32(f)]. Note that after sub-
tracting the Joule heating’s contribution, the net SOT
field remains similar within the FGT’s thickness range
from 6 to 40 nm [Fig. 32(c)] (Zhang et al., 2021a).
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FIG. 31. Spin-orbit torque in FGT/heavy-metal-Pt composite devices. (a) Schematic and TEM image of the FGT/Pt system.
(b) First and second harmonic Hall voltages versus two orthogonal in-plane magnetic fields, from which spin-orbit torque effective
fields are extracted. (c–f) Current-driven switching by spin-orbit torque under positive and negative in-plane magnetic fields.
The Joule heating situation is analyzed, and the switching current is obtained at various magnetic fields and temperatures. (g)
Another second harmonic Hall voltage measurement scheme and its dependence on the angle between the in-plane magnetic
field and current. Figs. 6.5(a–g) are reproduced from Wang et al. (2019a); Fig. 3 in Wang et al. (2019a); Fig. 4A in Wang
et al. (2019a); Fig. 4B in Wang et al. (2019a); Fig. 4C in Wang et al. (2019a); Fig. 4D in Wang et al. (2019a); and Fig. 4A–B
in Alghamdi et al. (2019), respectively.

Several unique points are emphasized for FGT’s in-
trinsic SOT (Zhang et al., 2021a). First, SOT emerges
within a single FGT itself without a heavy-metal layer.
Secondly, such an SOT can be incorporated into its free
energy and change magnetic anisotropy directly. Third,
although the energy barrier is reduced, the SOT term
formula does not involve mz, so up/down magnetization
states are still degenerate in energy under current, mean-
ing that such intrinsic self-SOT cannot make determinis-
tic switching by pure current without a magnetic field in
principle. Finally, the gigantic SOT value is due to the
large Berry curvature of its topological bands, providing
a guide to exploring new large SOT systems with band
topology.

There is another symmetry issue on FGT’s SOT: Gen-
erally, SOT requires inversion symmetry breaking be-
cause it can cause asymmetric carrier/spin scattering,
and thus net imbalanced spin at two opposite directions,
i.e., spin polarization. Monolayer FGT is indeed noncen-
trosymmetric. However, multilayer or bulk FGT was pre-
viously believed to be centrosymmetric since an FGT unit
cell consists of two neighboring layers that are mutually
inversion partners, causing a contradiction between sym-
metry and SOT. The previous work (Zhang et al., 2021a)
regards bulk FGT’s SOT as a hidden SOT in analogy to

the similar hidden Rashba effect in centrosymmetric sys-
tems (Zhang et al., 2014): the intralayer interaction is
about 1 eV, which is about 1000 times larger than the
interlayer interaction, and predominates the spin-orbit
torque so that the SOT in neighboring layers does not
cancel out. Very recently, another contribution of inver-
sion symmetry breaking was added to the intrinsic SOT
of FGT (Zhang et al., 2024d). Using the SHG technique
(Zhang et al., 2024d), they found that inversion symme-
try breaking does exist in FGT due to defect, dominantly
along the out-of-plane direction [Fig. 32(g-i)]. This SHG
signal is independent of temperature, but sensitive to
Fe deficiency. Higher Fe deficiency tends to stabilize
the inversion-symmetry-breaking status and reduce the
space group from centrosymmetric P63/mmc to noncen-
trosymmetric P3m1, consistent with a recent XRD re-
port of noncentrosymmetry in FGT (Chakraborty et al.,
2022). Soon after, Wu et al. also demonstrated simi-
lar phenomena in another material Fe5GeTe2 (Wu et al.,
2024a). The significance of this discovery affects much
more beyond FGT or SOT itself as it can be generalized
to understand the contradictions between pristine cen-
trosymmetric systems and inversion-symmetry-breaking-
required phenomena in similar systems with layer in-
version. Moreover, broken inversion symmetry also im-
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FIG. 32. Gigantic intrinsic spin-orbit torque and inversion symmetry breaking in FGT. (a) Significant coercivity reduction
upon increasing current. (b) Large coercivity reduction after subtracting the contribution from Joule heating. (c) Spin-orbit
torque magnitude extracted from current-driven coercivity reduction before (red) and after (blue) subtraction of the Joule
heating contribution. (d–e) Physical mechanism without (d) and with (e) current: current-driven spin-orbit torque can directly
reduce the magnetic anisotropy and the switching barrier. (f) The intrinsic spin-orbit torque magnitude is nearly 100 times
greater than that of heavy metals such as Pt and Ta. (g–i) Schematic and results of SHG measurement. Fe defects related
to inversion symmetry breaking occur in FGT, predominantly along the out-of-plane direction. Figs. 6.6(a–i) are reproduced
from Fig. 2a in Zhang et al. (2021a); Fig. S4f in Zhang et al. (2021a); Fig. 3e in Zhang et al. (2021a); Fig. 3b in Zhang et al.
(2021a); Fig. 3b in Zhang et al. (2021a); Fig. 3f in Zhang et al. (2021a); Fig. 1a in Zhang et al. (2024d); Fig. 1b in Zhang
et al. (2024d); and Fig. 1c in Zhang et al. (2024d), respectively.
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plies accompanying more emergent phenomena and nu-
merous rich physical properties, including nonreciprocal
electronic transport, the nonlinear Hall effect, the nonlin-
ear optical response, and topological vdW polar metal,
to name only a few. However, one needs to be careful
when starting those researches in FGT since the discov-
ered symmetry breaking is not strong, so the induced
effect may not be prominent enough for observation (see
more details in Ref. (Zhang et al., 2024d)).

Based on gigantic intrinsic SOT in FGT, magnetic
memory devices (Zhang et al., 2021b) were made, and
current magnetization switching is highly efficient and
nonvolatile [Fig. 33(a–f)]. Switching current density
and power consumption are about 400 and 4000 times
lower compared to platinum-related devices [Fig. 33(d)].
Moreover, multilevel states were controlled by current,
of roughly 8 states corresponding to 3 bits, which
can enhance information capacity and reduce comput-
ing cost in a single device [Fig. 33(e–f)]. Taking one
more step forward, they further develop the memory
for the vdW three-terminal SOT-MRAM composed of
an FGT/hBN/FGT heterostructure [Fig. 33(g–i)] (Cui
et al., 2024). Note that such a bulky self-SOT was also
further supported by the SHG measurement from Mar-
tin et al. independently (Martin et al., 2022). In addi-
tion, Hejazi et al. did imaging on current-driven switch-
ing in FGT (Hejazi et al., 2020), and three more groups
replaced the FGT with the same-structured Fe3GaTe2,
pushing the intrinsic SOT and the corresponding switch-
ing application above room temperature (Deng et al.,
2024; Yan et al., 2024a; Zhang et al., 2024a). As a pass-
ing remark, very recently self-SOT was also discovered
in the vdW polar metal material Fe2.5Co2.5GeTe2, ben-
efiting from a different source of inherent polarization
(Zhang et al., 2022b, 2024b, 2022c).

Despite the interesting physics of the unconventional
gigantic intrinsic SOT in FGT, its understanding does
not seem straightforward. Recently, researchers have be-
come more interested in using it as a ferromagnet com-
bined with other intriguing vdW materials, e.g., topo-
logical materials, to achieve better performance in hy-
brid heterostructures. In 2020, two groups built the
FGT/Bi2Te3 heterostructure. They raised the Curie
temperature to 400 K by interfacial exchange coupling
(Wang et al., 2023a) and performed efficient SOT switch-
ing by current under an in-plane magnetic field (Wang
et al., 2023a). Furthermore, an emerging interfacial
antiferromagnetism has been artificially created in the
FGT/MnPS3 heterostructure, producing an intermedi-
ate Hall plateau, and is well manipulated under high
pressure (Wang et al., 2025). More importantly, vdW
semimetal WTe2 with low-crystal symmetries was orig-
inally used in the 3D ferromagnetic metals spintronics
community and has recently expanded to vdW magnet
spintronics. Taking advantage of the out-of-plane spin
polarization induced by the unconventional spin Hall ef-

fect in WTe2, magnetic field-free switching was achieved
in the WTe2/FGT device with current applied along the
a-axis (no switching along the b-axis) of WTe2 (Kao et al.,
2022). Recently, Keum et al. combined vdW magnet
and oxide spintronics and achieved novel magnetic-field-
free switching in FGT/SrTiO3 heterostructure (Keum
et al., 2025), replacing Ge with Ga makes the Curie tem-
perature increase to 350–380K (Zhang et al., 2022a),
well above the room temperature, which drives one’s
attention to Fe3GaTe2, a room temperature ferro-
magnet sharing the same physical characteristics as
Fe3GeTe2 in structures, symmetries, band topologies,
etc. Soon after, magnetic field-free switching was also
reported in Fe3GaTe2/WTe2 (Kajale et al., 2024) and
Fe3GaTe2/wedged-Pt (Yun et al., 2023) devices. Note
that those Fe3GeTe2 and Fe3GaTe2-related heterostruc-
tures generally have lower switching current density than
conventional devices. We suspect that the gigantic intrin-
sic SOT in the FGT itself may also facilitate reducing the
switching current density during the switching process of
these heterostructures.

A final matter in vdW magnet spintronics is whether
a real SOT-MRAM can be made experimentally. SOT-
MRAM hosts massive inherent advantages, including the
non-volatility of flash memory, high speed of SRAM, high
density of DRAM, low cost, low power consumption,
non-destructive read-out, permanent retention, radiation
hardness, etc. Regarding this part, Cui et al. made a
three-terminal SOT-MRAM unit using an all-vdW het-
erostructure of top-FGT/h-BN/bottom-FGT [Fig. 33(g–
i)] (Cui et al., 2024). The current-driven gigantic in-
trinsic SOT can write the magnetic information in the
top FGT, which can then be read out by the industry-
practical TMR effect of the whole tunnel junction, with
the bottom FGT as the magnetic pinning layer. The writ-
ing and reading processes and paths are physically sep-
arated or decoupled in this three-terminal SOT-MRAM,
naturally enhancing the device’s design and optimization
flexibility and endurance [Fig. 33(g–i)]. Furthermore,
Pan et al. integrates all the reported best metrics in
vdW magnet spintronics, realizing the magnetic-field-free
SOT-MRAM of WTe2/Fe3GaTe2/hBN/Fe3GaTe2 work-
ing at room temperature (Pan et al., 2023). These works
demonstrate that the three-terminal SOT-MRAM con-
cept in conventional spintronics can be readily expanded
in vdW magnet spintronics and push forward the cur-
rently flourishing 2D magnetic materials toward the sub-
sequent march of industrial application.

An important question that still remains is: What are
the advantages of vdW magnet spintronics over conven-
tional non-vdW magnet spintronics? It is still challenging
to provide a definitive answer, because while vdW mag-
nets offer numerous opportunities for spintronics, con-
crete beneficial examples are fast emerging. Here are
some of our perspectives:
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FIG. 33. Spintronic applications based on the gigantic intrinsic spin-orbit torque of FGT. (a) Schematic of the first device
demonstration, where information is read out via a simple Hall measurement. (b) Schematic of current-driven switching. (c)
Experimental realization of current-driven magnetization switching. (d) The required switching current density and power
dissipation are about 400 and 4000 times smaller, respectively, than those in Pt-based systems. (e) Controlling the writing
current enables the realization of an intermediate state. (f) Multi-level states controlled by writing current as illustrated in
(e). (g) Schematic of the second device demonstration: an all-vdW 3-terminal SOT-MRAM composed of FGT/hBN/FGT
heterostructure. Writing current flowing in the free-layer FGT modifies its magnetization via SOT. Reading current through
the tunneling junction detects information via the TMR effect. This decoupling of writing and reading paths enhances design
and optimization flexibility, as well as device endurance. (h–i) The writing and reading principles are successfully demonstrated.
Figs. 6.7(a–i) are reproduced from Fig. 2a in Zhang et al. (2021b); Fig. 2c in Zhang et al. (2021b); Fig. 2d in Zhang et al.
(2021b); Fig. 3d in Zhang et al. (2021b); Fig. 4c in Zhang et al. (2021b); Fig. 5c in Zhang et al. (2021b); Fig. 1b–c in Cui
et al. (2024); Fig. 4b in Cui et al. (2024); and Fig. 4c in Cui et al. (2024), respectively.
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1. Previously, there was uncertainty about how easily
spintronics concepts and techniques could transi-
tion to vdW magnets. However, recent research
shows that with advances in 2D materials technol-
ogy, spintronics principles can be effectively and
efficiently applied to vdW magnets, expanding the
materials available for spintronics research.

2. vdW magnets introduce new spintronics ideas such
as intrinsic spin-orbit torque (SOT) without heavy
metals, topological Berry curvature, and magnon
transport in nanoscale vdW antiferromagnets. Be-
ing inherently 2D materials, vdW magnets pos-
sess the following characteristics typical of 2D ma-
terials: atomic thickness, high tuneability, con-
trollability, compatibility, and flexibility in design
and tailoring. This facilitates efficient exploration
and development of spintronic functionalities, such
as rapid iteration and optimization of spintronic
functions, like achieving high TMR ratios through
diverse heterostructures built in hours using 2D-
materials transfer techniques.

3. Here, we name a few advantages of vdW magnet
devices. Concrete advantages highlighted in re-
cent references include achieving TMR ratios of
up to ∼ 160% or more with vdW magnet-based
heterostructures tunable by gating—a feat not eas-
ily achieved in conventional spintronics. Switch-
ing current densities for SOT are generally lower
(1–10MA/cm2) than many conventional systems.

4. However, industrial applications of vdW mag-
nets remain uncertain, pending the discovery of
an ideal 2D magnet-much-above-room-temperature
ferromagnetism, low current densities, high speed,
large TMR ratios, and most importantly, ease of
handling and robustness.

5. Recently, vdW magnet spintronics has been ex-
tended to employing spin-orbit torque to tune ex-
otic quantum magnets, e.g., current-driven collec-
tive control of helical spin texture in antiferromag-
nets (Zhang et al., 2025a).

At present, it is important to note the broad opportu-
nities that vdW magnets offer for advancing spintronics,
generating new ideas, concepts, and physics that acceler-
ate the field’s development.

VI. OUTLOOK AND SUMMARY

This section shares our perspective on the rapidly
evolving field of vdW magnets with a brief summary. It is
remarkable how much progress has been made since the
first report on vdW monolayer magnets in 2016. Over the
past decade, the field has transitioned into a new phase

that requires more focused efforts on specific challenges.
Here, we summarize some past successes and highlight
outstanding problems, hoping to inspire further discus-
sion and future advancements.

A. Materials

Section II provided an overview of various vdW mag-
nets reported so far, which exhibit a wide range of mag-
netic and electronic ground states (Burch et al., 2018).
The field has matured significantly, encompassing a di-
verse set of materials with diverse magnetic and elec-
tronic ground states as discussed in Section II. Addi-
tionally, vdW systems allow the realization of all four
fundamental two-dimensional lattice types: honeycomb,
triangular, Kagome, and square.

Although the diversity of vdW magnets is already
impressive, a key challenge remains: achieving higher
transition temperatures, particularly those exceeding
room temperature. A promising approach involves the
FenGaTe2 family (n = 3, 4, 5) (May et al., 2019), where
increasing the number of Fe atoms leads to higher transi-
tion temperatures. However, two fundamental questions
remain:

Can pristine monolayer vdW ferromagnets achieve
transition temperatures above room temperature? The
answer depends on the chemical bonding strength be-
tween the magnetic ions and the surrounding chalcogens
or halogens. These bonds tend to be weaker than those
in magnetic oxides, leading to lower transition tempera-
tures. Optimizing these bonds could be the key to over-
coming this limit.

What is the practical upper limit for transition tem-
peratures in vdW magnets? Materials must sustain tran-
sition temperatures well above 500 K for industrial ap-
plications to ensure operational stability. Whether mag-
netic chalcogenides or halides can achieve such robustness
remains an open question.

Another critical issue is material stability, as many
vdW magnets are highly air-sensitive. For example, CrI3
degrades within minutes of exposure. However, some
materials, such as TMPS3, CrSBr, and CrPS4, exhibit
exceptional air stability. Improving transition temper-
atures and stability is essential for the advancement of
fundamental research and practical applications of vdW
magnets.

B. Spin Hamiltonian

The initial motivation behind the study of vdW mag-
nets was to determine whether stable monolayer mag-
netism could exist in real materials. However, a broader
objective was to experimentally realize the three funda-
mental spin Hamiltonian models: Ising, XY, and Heisen-
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berg (Park, 2016b). Today, multiple vdW systems serve
as the realization of these models, aligning well with the-
oretical predictions.

Further exploration of vdW magnets in the context of
the Ising and Heisenberg models may yield diminishing
returns, as these models are well understood. However,
the XY model presents an exciting avenue for future re-
search. Although attempts have been made to realize the
XY model in Josephson junctions (Resnick et al., 1981)
and liquid helium (Butera and Comi, 1999), these stud-
ies have largely focused on static studies. The dynamics
of vortex-antivortex pairs, a defining feature of the XY
model, remains largely unexplored.

Identifying an ideal vdW material that closely approx-
imates the XY model remains a challenge. Many pro-
posed candidates have been found to align more closely
with the XXZ model due to residual out-of-plane fluctu-
ations (Scheie et al., 2023). One possible approach is ap-
plying an external magnetic field, which could selectively
turn a system into an ideal XY regime. This strategy has
been successfully applied in quantum critical point stud-
ies, such as the transverse Ising model, and could prove
similarly useful for vdW magnets.

C. Optical Studies

Optical techniques, including SHG, Raman spec-
troscopy, MOKE, THz spectroscopy, and optical absorp-
tion, have provided valuable insight into vdW magnets.
However, several unresolved questions remain.

First, the ultrasharp magneto-exciton peak in NiPS3

is still not fully understood. Despite theoretical efforts,
the peak’s extraordinary sharpness, resembling a coher-
ent excitation, remains a mystery. Second, the coupling
between phonons, nonlinear optical properties, and the
magnetic states in vdW magnets is largely unexplored.
Third, quasiparticle interactions, such as magnon-exciton
and magnon-phonon interactions, are emerging topics
that require further study, particularly in the vdW
magnet-superconductor interfaces.

Magneto-optic measurements are still in their early
stages, with much work needed to fully characterize lin-
ear dichroism (optical rotation), linear birefringence (el-
lipticity), circular dichroism, and circular birefringence.

D. Light-induced out-of-equilibrium dynamics

Driving vdW magnets out of equilibrium using pulsed
electromagnetic fields is an emerging research direc-
tion. This approach has potential applications in next-
generation electronic, photonic, and spintronic devices.
Although optical switching of magnetic order via pho-
tocarrier excitation has been demonstrated, discovering
new nonequilibrium phases remains an open challenge.

One promising method is the selective excitation of
magnons and phonons to large amplitude. This could
drive a system into an adjacent local minimum in the
free-energy landscape or produce quasi-static rectified re-
sponses via nonlinear coupling to other modes, which
modify the Hamiltonian (Disa et al., 2021). Lattice and
magnetic anharmonicities have recently been observed in
vdW magnets, setting the stage for exploring new out-of-
equilibrium quantum phases of matter through phononic
or magnonic control (Blank et al., 2023; Diederich et al.,
2024).

Another emerging technique is Floquet engineering
(Oka and Kitamura, 2019). Pushing beyond recent
demonstrations of Floquet band engineering, the next
key challenge is to demonstrate Floquet engineering of
many-body phases. In the context of vdW magnetism,
this includes coherent tuning of spin exchange interac-
tions and magnetic anisotropies in an effort to drive
materials into exotic magnetic ground states such as
quantum spin liquids (Arakawa and Yonemitsu, 2021;
Chaudhary et al., 2019; Kumar et al., 2022; Sriram and
Claassen, 2022). Realizing this vision requires the devel-
opment of driving protocols that minimize heating and
decoherence. A promising approach is to drive vdW in-
sulators at frequencies below the band gap while care-
fully selecting Keldysh parameters to minimize multipho-
ton absorption and quantum tunneling effects (Kruchinin
et al., 2018; Li et al., 2022b).

The exciting frontier involves extending the concepts
of cavity quantum electrodynamics to vdW magnets,
bridging quantum optics and quantum materials (Bloch
et al., 2022; Forn-Díaz et al., 2019). 2D cavities inte-
grated with vdW materials provide a versatile platform
for polaritonics (Dirnberger et al., 2023, 2022b), enabling
strong light-matter coupling and the potential realization
of magnon-polaritons or Bose-condensed exciton polari-
tons in vdW magnets. Leveraging the tunability of moiré
heterostructures of vdW magnets can potentially unveil
additional cavity-induced quantum collective phenomena
that involve the delicate interplay of electronic correla-
tions, topology, and light (Xie et al., 2022).

E. Spintronics

vdW magnets offer unique opportunities to advance
spintronics concepts and applications. Here are a few
potentially interesting directions: Developing new spin-
tronic concepts, The most significant feature of vdW
magnets to spintronics is their 2D layered nature. They
belong to a representative class of 2D materials, inherit-
ing all the advantages such as exfoliable atomically thin
structures, high compatibility and design flexibility, effi-
cient assembling with a clean interface, etc. These mer-
its render the efficient testification of novel ideas quicker
than conventional 3D spintronics. From this perspec-
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tive, one can foresee the burgeoning conceptional de-
velopments in different topics of traditional spintron-
ics such as TMR (Min et al., 2022; Zhu et al., 2023b),
magnon transport, and spin-orbit torque. Indeed, sev-
eral intriguingly new discoveries are pushing in this di-
rection, such as bias-tunable positive/negative TMR,
anisotropic and gate-tunable magnon transport (Chen
et al., 2021a; Qi et al., 2023), gigantic intrinsic spin-
orbit torque (Johansen et al., 2019; Martin et al., 2022;
Zhang et al., 2024d, 2021a), unconventional out-of-plane
spin-orbit torque (Kao et al., 2022; Keum et al., 2025),
current-driven tuning of exotic spin texture in intriguing
quantum magnets (Zhang et al., 2025a), to name only a
few.

Enhancing energy efficiency limit and response speed,
Another prominent merit of vdW magnet spintronics is
their high energy efficiency. Although one did not ini-
tially expect this point, many experiments have demon-
strated the low current density and power dissipation in
spintronic devices built on vdW magnets. For example,
the spin-orbit torque switching current density can be
easily achieved on the order of 106–107 A/cm2, which is
generally hard to achieve in conventional spintronics with
orders of magnitude lower values. One can expect even
higher energy efficiency by carefully fabricating high-
quality 2D magnetic heterostructure or homostructure
with a superior interface. Moreover, integrating vdW
antiferromagnets can facilitate robust, high-speed, and
high-density in-memory computing due to their stability
to the external magnetic field, terahertz spin dynamics,
and absence of stray field (Baltz et al., 2018; Maniv et al.,
2021a; Nair et al., 2020; Olejnik et al., 2018; Zhang et al.,
2025a).

Engineering and optimizing diverse technology routes,
As mentioned earlier in this section, vdW magnets endow
the efficient handling and fabrication of various spintronic
devices, benefiting from advanced 2D material trans-
fer techniques (Castellanos-Gomez et al., 2014; Haeni
et al., 2004; Kim et al., 2020b; Son et al., 2020). This
can also expedite the engineering and optimization pro-
cess of spintronics device technologies. Several examples
have already been documented in the literature, such as
the twisted FGT homostructure with plateau resistance
(Kim et al., 2020b), large TMR ratio and spin filter effect
(Song et al., 2018; Wang et al., 2018c), and most impor-
tantly, all vdW three-terminal SOT-MRAM architecture
(Cui et al., 2024) and unconventional magnetic-field-free
switching (Kao et al., 2022; Keum et al., 2025).

Quantum spintronic physics and devices, 2D vdW non-
magnetic materials also bear emergent quantum charac-
teristics with enormous cases in the previous literature, as
do the 2D vdW magnets. When vdW magnet spintron-
ics meets the fundamentally important concepts in mod-
ern condensed matter physics, such as symmetry, topol-
ogy, correlation, twisted moiré pattern, magnetoelectric
coupling, magnetic/superconducting proximity, and also

nonequilibrium many-body interactions, tremendous op-
portunities lay ahead by designing and fabricating the
layered spintronics-incorporated devices.

Predicting the trajectory of vdW magnets is chal-
lenging, but promising avenues include multiferroicity,
magnetoelectric (ME) effects, and heterostructures (Hill,
2000; Khomskii, 2009; Wang et al., 2025; Zhang et al.,
2025b). With their inherent thinness, the advent of 2D
vdW multiferroic materials offers a transformative solu-
tion to some of the existing technical problems, opening
new horizons for application and research (Zhang et al.,
2005).

F. Others

Interestingly, some vdW materials exhibit ME effects
that far exceed those of their oxide-based counterparts.
For example, Fe3GeTe2 has demonstrated a current-
induced spin-orbit torque (SOT) with a substantial ME
coefficient (Γ0 = 50 Oe/mA/µm2), among the highest
reported in real materials (Stewart, 1984). This char-
acteristic highlights significant potential for spintronics
applications. Remarkably, the ME effect in Fe3GeTe2
is accompanied by a combination of three simple sym-
metries: 3z, my, and mz. This simplicity suggests that
other naturally occurring materials may exhibit similarly
intriguing behaviors.

The recent concept of sliding ferroelectricity is there-
fore interesting (Yasuda et al., 2021). When two vdW
materials are stacked in a manner that breaks inversion
symmetry, ferroelectricity naturally arises. This concept,
both straightforward and generalizable, can be extended
to vdW magnets that are not inherently ferroelectric. Be-
yond increasing the pool of vdW multiferroic systems,
this approach also introduces opportunities for entirely
new physical phenomena. For example, when two thin
layers of vdW magnets are stacked and twisted, flat-
band physics may emerge, offering an exciting platform
for exploring quantum phenomena. These twisted sys-
tems could enable studies of quantum geometry and other
frontier topics in condensed matter physics, marking a
transformative step for the field (Yu et al., 2024).

Another exciting area for future exploration that has
not been much discussed in this review for page lim-
its is heterostructures using vdW magnets. We think
that this topic deserves a separate review. With many
2D materials reported so far, including graphene, many
TMDC (transition metal dichalcogenide), and several ex-
citing ground states like superconductivity, magnetism,
and even ferroelectricity, the field is wide open for nu-
merous opportunities. In a sense, one can call this area
‘playing quantum cards’. Given how many discoveries
have been made even with simple vdW magnets, one can
only imagine how many new and thought-provoking dis-
coveries await us.
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We end this review on a very high note. Our review
has amply shown that since the field of vdW magnet
started in the mid-2010s, many exciting discoveries have
been made one after another. Some of the highlights
discussed in this review from the past few years have
justified how useful and exciting these vdW magnets have
become. What we outlined in the Outlook section is the
tip of the iceberg, with numerous exciting developments
awaiting us years ahead. Every new idea and/or sample
will create another fruitful subfield and offer an exciting
journey.
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