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TOPICAL REVIEW — Advanced magnonics
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The magnons (the quanta of collective spin-wave excitations) in two-dimensional van der Waals (vdW) magnets
exhibit some intriguing characteristics, such as spin Nernst effect, topological magnons, Weyl magnons, moiré magnons,
magnon valley Hall effect, etc., and can be regulated through approaches such as stacking, electric doping, pressure, strain
and twisting, opening unprecedented avenues to explore fundamental magnetic physics and spin-based technologies. Over
the past few years, intense research efforts have been invested in unraveling magnon properties in vdW materials. This
review comprehensively summarizes recent advancements in understanding magnons in vdW magnetic systems, spanning
fundamental theories and experimental frontiers. It also introduces the experimental techniques widely used in this field,
including inelastic neutron scattering, Raman/Brillouin spectroscopy, time-resolved spectroscopy and inelastic magneto-
tunneling spectroscopy, and discusses the coupling between magnons and other excitations, such as phonons and excitons.
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1. Introduction
The discovery of two-dimensional (2D) van der Waals

(vdW) materials has revolutionized condensed matter physics,
offering unprecedented opportunities to explore emergent
quantum phenomena in atomically thin systems.[1–7] Among
these, vdW magnets bring another surge of research, which
began at the observation of the monolayer antiferromag-
net (AFM) FePS3 in 2016 and the monolayer ferromagnet
(FM) CrI3, Cr2Ge2Te6 in 2017.[8–10] To date, many other
vdW magnets have been experimentally discovered, includ-
ing CrSBr,[11–13] NiPS3,[14–16] MnBi2Te4,[17–19] and others.
Unlike 3D magnets, 2D vdW magnets have theoretically
predicted intriguing phenomena, including the spin Nernst
effect,[20] topological magnons,[21,22] Weyl magnons,[23]

moiré magnons,[24] and the magnon valley Hall effect.[25] As a
layered material coupled with van der Waals forces, the vdW
magnets can be regulated through approaches such as stack-
ing, electrostatic doping, pressure, strain and twisting, which
makes vdW magnets a versatile platform for exploring low-
dimensional magnetism and enabling new functionalities in
spintronics and quantum technologies.[3,4,7]

Spin wave is an oscillatory collective excitation of
the magnetic moments in ferromagnetic or antiferro-
magnetic media, whose quanta is magnon, a bosonic
quasiparticle.[26–28] Magnons carry only spins and are inde-
pendent of charge, therefore do not cause Ohmic losses,[29]

for which magnons can be used to realize low-power trans-
mission. Besides, magnons maintain the characteristics such
as low-THz frequency range,[30,31] transferring over macro-
scopic distances,[32] and access to wave-based computing
concepts.[33] These advantages make magnons good infor-
mation carriers. The emerging field that refers to infor-
mation transport and processing by magnons is known as
magnonics.[29] Several effective approaches for manipulat-
ing magnons — including spin-transfer torques and voltage-
controlled magnetic anisotropy — rely on interfacial effects,
making thinner devices more effective.[34] However, it is chal-
lenging to fabricate three-dimensional magnets like yttrium
iron garnet (YIG) into high-quality ultrathin films due to the
surface roughness and disorder.[35] The vdW materials provide
promising solutions to solve this problem, then are critical for
next-generation computing architectures.

In this review, we first provide a brief overview of
magnons in vdW magnets and their fundamental theory in
Section 2. Then, we summarize recent experimental results
of magnons in some vdW magnets in Section 3. Specifically,
we review some commonly used experimental techniques for
detecting magnons in vdW magnets in Section 4 and discuss
the interaction between magnons and other quasiparticles of
materials in section 5. Finally, we conclude with a discussion
of future perspectives and opportunities in this field.
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2. Fundamental theory of magnons in vdW
magnets

2.1. Hamiltonian of 2D magnet systems

There are various crystalline structures and distinct spin
coupling mechanisms in different van der Waals magnets.
Hence, the theoretical models for different vdW magnets are
different. Let us introduce the various Hamiltonian models of
vdW magnets.

For most of the vdW magnet, the Hamiltonian can be split
with[1]

ℋ= Hex +ℋa +ℋDM +ℋKitaev, (1)

where ℋex = −∑i< j Ji j𝑆̂i · 𝑆̂ j is the Heisenberg exchange in-
teraction Hamiltonian. 𝑆̂i is the spin at the i site in the lattice
of magnets. Ji j is the Heisenberg exchange coupling strength
between i site and j site. Positive exchange coupling makes
two spins parallel (Ji j > 0, ferromagnetic coupling), and neg-
ative exchange coupling makes two spins antiparallel (Ji j < 0,
antiferromagnetic coupling). ℋa = −Aα

(
Ŝα

i
)2

is the mag-
netic anisotropy Hamiltonian. Aα is the anisotropy parameter
along α axis (α = x, y or z), and Ŝα

i is the α component of
the spin at i site. This term selects a specific direction pref-
erence for spins. It may arise from various aspects, such as
exchange anisotropy or magnetocrystalline anisotropy, etc.[1]

ℋDM = −𝐷i j ·
(
𝑆̂i × 𝑆̂ j

)
is Dzyaloshinskii–Moriya interac-

tion (DMI) Hamiltonian. 𝐷i j is Dzyaloshinskii vector, point-
ing along a high-symmetry direction of the magnetic crystals.
This term gives a tendency to align two spins vertically, and
may cause the spin alignment of the material to deviate from
simple ferromagnetic or antiferromagnetic order, resulting in
rich noncollinear structures.[36,37] HKitaev = −Kγ Ŝγ

i Ŝγ

j (γ = x,
y or z) is the Kitaev interaction Hamiltonian defined on hon-
eycomb lattice, where Ŝγ

i and Ŝγ

j are the γ components of two
spins at the edges of a bond, and γ depends on the spatial ori-
entation of the bond. The sum is over all bonds.[38] The Kitaev
spin model is a solvable model that supports quantum spin liq-
uids (QSL) as its ground state, and has therefore been widely
studied.[39–41]

In the case where the anisotropy Aα is not very strong,
the above Eq. (1) is called the Heisenberg model. In the case
of taking extreme high values of anisotropy, the Heisenberg
model can be reduced to simpler models. For example, if the
system has strong uniaxial anisotropy (Aα → ∞), then the sys-
tem can be abstracted as an Ising model

ℋIsing.α =−∑
i< j

Ji jŜiα Ŝ jα , (α = x,y or z) . (2)

The Ising model has the strongest anisotropy and therefore has
a stable long-range order in two-dimensional situations. If the
system has strong easy plane anisotropy (Az → 0), it can be
abstracted as an XY model

ℋXY =−∑
i< j

Ji j
(
ŜixŜ jx + ŜiyŜ jy

)
. (3)

The spins in the XY model can point in any direction in
the xy plane, which means weaker anisotropy than the Ising
model, and therefore there is no long-range order; but there is
a quasilong-range order, and the phase transition associated
with it is the Berezinskii–Kosterlitz–Thouless (BKT) phase
transition.[42–44]

2.2. Magnons in 2D ferromagnetic Heisenberg model and
Mermin–Wagner theorem

In this section, we take the 2D ferromagnetic Heisenberg
model as an example to introduce the definition of a magnon
and explain why anisotropy plays a crucial role in stabilizing
2D magnetic order. The simplest model only considers ℋex

and ℋa. If there is no magnetic anisotropy at all, the behav-
ior of the system is determined only by the complete exchange
interaction ℋex. As an example of solving a magnon, we con-
sider a square lattice, where each cell contains only one spin,
there is only nearest neighbor exchange interaction, and all Ji j

are equal and greater than 0 (Ji j = J > 0 for nearest neighbor;
Ji j = 0 for other neighbor). Therefore, the Hamiltonian (1) can
be simplified to

ℋFM = −∑
l,δ

J𝑆̂l · 𝑆̂l+δ

= −∑
l,δ

J
(
ŜlxŜl+δ ,x + ŜlyŜl+δ ,y + ŜlzŜl+δ ,z

)
, (4)

where 𝛿 is lattice constant (𝛿 =ax̂,aŷ). The sum of l is over
all cells, and the sum of δ is over all nearest spins. In linear
spin wave theory (LSWT),[45] we assume that the spins have a
stable ground state, in ferromagnetic situation, all along z axis
(𝑆 = Sẑ). The magnon is defined as the small fluctuation near
the ground state. Then we use the Holstein–Primakoff (HP)
transformation[46]

Ŝz = S− â†â,
Ŝ+ = Ŝx + iŜy =

√
2S− â†ââ ≈

√
2Sâ,

Ŝ− = Ŝx − iŜy = â†
√

2S− â†â ≈ â†
√

2S,
(5)

where â
(
â†
)

is boson annihilation (creation) operator. By
substituting it back to the Hamiltonian (4) and omitting terms
higher than quadratic, the transformed Hamiltonian is

ℋFM = −J ∑
l,δ

S2 +2JS∑
l,δ

â†
l âl

−JS∑
l,δ

(
â†

l+δ
âl + â†

l âl+δ +δl,l+δ

)
= −NZJS2 −NJS+2JSZ ∑

l
â†

l âl

−JS∑
l,δ

(
â†

l+δ
âl + â†

l âl+δ

)
, (6)

where N is the number of cells, Z is the coordination num-
ber (Z = 4 for square lattice). By applying periodic boundary
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conditions and performing a Fourier transformation, we obtain
âl = N− 1

2 ∑
k

e ik·l âk,

â†
l = N− 1

2 ∑
k

e−ik·l â†
k .

(7)

We then have

ℋFM =−NZJS2 −NJS+ h̄ωk ∑
k

â†
k âk. (8)

This constitutes a harmonic oscillator, which we identify as
magnons. We call â

(
â†
)

the creation (annihilation) opera-
tor of magnons. The h̄ωk is the energy of magnons, which
depends on the structure and magnetic interaction. In our as-
sumption, it has a form like

h̄ωk = 2ZJS (1− γk)

= 2ZJS

(
1− 1

Z ∑
𝛿

e i𝑘·𝛿

)

= 2ZJS
(

1− 2
Z
(coskxa1 + coskya2)

)
= 2ZJS

(
1− 1

2
(coskxa+ coskya)

)
, (9)

where γk =
1
Z ∑𝛿 e i𝑘·𝛿 . For small 𝑘, h̄ωk ≈ 2JSa2𝑘2, so the

magnon is gapless, with a density of states (DOS) given by
g(ω) = 1

4πJSa2 . Since magnons obey Bose–Einstein statistics,
their occupation number diverges as the energy approaches
zero. Therefore, any size of fluctuation will excite a large
number of magnons, resulting in the absence of stable mag-
netic order in a 2D Heisenberg system. While in 3D magnetic
Heisenberg system, g(ω)∼

√
ω with small 𝑘,[10] which is low

at zero energy, so even gapless, the magnons created by ther-
mal fluctuation are not enough to break the magnet order. In
1966, a theory called Mermin–Wagner theorem[47] has pointed
out that the enhanced spin fluctuations in the 2D limit neces-
sarily destroy any long-range or quasi-long-range orders at fi-
nite temperature in 2D isotropic Heisenberg magnets. Then,
how can we talk about magnons in vdW magnets?

In fact, this instability can be eliminated by introduc-
ing anisotropy. As an example, by introducing a uniaxial
anisotropy ℋa = −∑l AzŜ2

lz into Eq. (4) and repeating the
derivation process above, we obtain

h̄ωk = 4JS
(

1− 1
2
(coskxa1 + coskya2)

)
+SAz, (10)

where h̄ωk ̸= 0 at 𝑘 = 0. To make it more apparent, we can
also calculate the density of states of the magnon as g(ω) =

0(h̄ω < SAz), 1
4πJSa2 (h̄ω > SAz). Obviously, the existence of

anisotropy introduces energy gaps. Therefore, when the char-
acteristic energy of thermal fluctuations kBT (kB is the Boltz-
mann constant) is insufficient to overcome the energy gap SAz

and excite a magnon, the 2D magnet system remains stable.

2.3. Magnons in 2D antiferromagnetic Heisenberg model

In the previous section, we used the 2D ferromagnetic
Heisenberg model as an example to introduce the basic prin-
ciples of the magnon. In this section, we continue to discuss
the definition of magnon in AFM. The basic physical concepts
are the same. The vdW AFM can be classified into the follow-
ing different types. If antiferromagnetic interactions only exist
in interlayer coupling, while intralayer coupling remains fer-
romagnetic interactions, this type of magnet is called A-type
AFM. On the contrary, if antiferromagnetic interactions only
exist in intralayer coupling, while interlayer coupling remains
ferromagnetic, it is C-type AFM. If there is antiferromagnetic
coupling both within and between layers, it is G-type AFM.
For C-type AFM and G-type AFM with in-plane antiferro-
magnetic ordering, there are different types depending on the
static magnetic structure, such as Néel AFM (nAFM), stripe
AFM (sAFM), zigzag AFM (zAFM), etc.

We consider the simplest single-layer square lattice Néel
AFM as an example. In this type of AFM, the ground state
magnetic structure is composed of two sets of ferromagnetic
sub-lattices that are opposite in direction and nested across
each other (strictly speaking, the Néel state is not a true
ground state by considering quantum fluctuations, but it is
close enough to the real ground state that we usually consider
it as the ground state without any problems). For simplicity,
we only consider exchange interactions, so the Hamiltonian is

ℋNeel = |J|∑
l,δ

(
𝑆̂al · 𝑆̂a,l+δ + 𝑆̂bl · 𝑆̂b,l+δ

)
. (11)

We assume that the spin direction of sub-lattice a is oriented
towards +z, while the spin direction of sub-lattice b is oriented
towards −z. Using the HP transformation

Ŝaz = S− â†â,
Ŝa+ =

√
2S− â†ââ ≈

√
2Sâ,

Ŝa− = â†
√

2S− â†â ≈ â†
√

2S,
Ŝbz = b̂†b̂−S,
Ŝb+ = b̂†

√
2S− b̂†b̂ ≈ b̂†

√
2S,

Ŝb− =
√

2S− b̂†b̂b̂ ≈
√

2Sb̂,
(12)

and the Fourier transform
âl = N− 1

2 ∑
k

e ik·l âk,

â†
l = N− 1

2 ∑
k

e−ik·l â†
k ,

b̂l = N− 1
2 ∑

k
e−ik·l b̂k,

b̂†
l = N− 1

2 ∑
k

e ik·l b̂†
k ,

(13)

we obtain

ℋNeel = −2NZS2 |J|+2ZS |J|∑
k

(
â†

k âk + b̂†
k b̂k

)
+2ZS |J|∑

k
γk

(
â†

k b̂†
k + âkb̂k

)
, (14)
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which exhibits interaction between two sub-lattices, so we
should do diagonalization. The general method is to use the
Bogoliubov transform[48](

α̂k

β̂
†
k

)
=

(
uk −vk
−vk uk

)(
âk

b̂†
k

)
, (15)

where α̂k (α̂†
k ), β̂k (β̂ †

k ) satisfy the boson commutations, re-
spectively. vk and uk are undetermined real numbers. This
transformation aims to eliminate the cross term and obtain a
diagonalized Hamiltonian

ℋNeel = E0 +∑
k

h̄ωk

(
α̂

†
k α̂k + β̂

†
k β̂k

)
. (16)

We obtain u2
k =

1
2 (1+∆), v2

k = − 1
2 (1−∆), ∆ = 1/

√
1− γ2

k .
The antiferromagnetic magnon energy is

h̄ωk = 2ZS |J|
√

1− γ2
k . (17)

It can be inferred that each energy has two degenerate magnon
bands, which correspond to two sublattices.

Following the approach applied to the ferromagnetic
system, we introduce a uniaxial anisotropy term[49] ℋa =

−Az ∑l

(
Ŝ2

a,lz + Ŝ2
b,lz

)
into Eq. (11). Through analogous

derivation procedures corresponding to Eqs. (12)–(17), the
modified dispersion relation becomes

h̄ωk =

√(
8 |J|S

(
1+

1
2
(coskxa+ coskya)

)
+2SAz

)(
8 |J|S

(
1− 1

2
(coskxa+ coskya)

)
+2SAz

)
. (18)

This dispersion reveals a characteristic gap ∆ =√
(16 |J|S+2SAz)2SAz at 𝑘 = 0. In contrast to the ferro-

magnetic case described by Eq. (10), where the gap depends
solely on the anisotropy parameter SAz, the antiferromag-
netic gap exhibits dependence on both exchange interaction
and anisotropy. Given that the exchange interaction energy
typically dominates over the anisotropy energy in antiferro-
magnetic systems,[50] the resulting magnon frequencies in
antiferromagnets are substantially higher than those observed
in ferromagnetic materials.[51–56]

For more complex magnetic structures such as sAFM,
zAFM, or nAFM, as well as more complex interactions, the

solution approach is similar. Figure 1 lists magnon disper-
sion for some typical vdW magnets. It is worth noting that if
there are more than one magnetic site in each cell, the bands
can be divided into acoustic magnons and optical magnons.
For instance, CrSBr, an A-type antiferromagnet with two mag-
netic sites per unit cell, exhibits non-degenerate magnon bands
along both Γ –X and Y –Γ directions (Fig. 1(a)). CrI3 — a
honeycomb-lattice magnet also containing two magnetic sites
per unit cell — displays a magnon dispersion relation analo-
gous to graphene’s electronic band structure (Fig. 1(b)). The
kagome-lattice system, featuring three magnetic sites per unit
cell, correspondingly shows three magnon bands (Fig. 1(d)).

Fig. 1. Magnon dispersions for some typical vdW magnet structures. (a) Orthorhombic vdW magnet, e.g., CrSBr; (b) honeycomb vdW magnet,
e.g., CrI3; (c) hexagonal vdW magnet, e.g., VSe2; (d) kagome vdW magnet, e.g., Co3Sn2S2 or Nb3Cl8; (e) zigzag AFM, e.g., FePS3. Figures
are reproduced with permission from Refs. [57–62].

3. Magnons in vdW materials
Typical crystal structures of vdW magnets include orthorhombic crystal, honeycomb crystal, hexagonal crystal and kagome

crystal, etc. We have summarized some important studies in Table 1. In this section, we will introduce some of the recent studies
of magnons in these structures.
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Table 1. Recent studies of magnons in vdW magnets.

vdW magnets Crystal structures Specific materials and recent studies

3d transition metal halides
MX3 (MX3/2, M = V, Cr, Mn, Fe, Co, Ni; X = Cl, Br, I) honeycomb VI3,[63,64] CrCl3,[65–68]

CrBr3,[67,69–71] CrI3,[67,72–76]

MX2 (MX3/2, M = V, Cr, Mn, Fe, Co, Ni; X = Cl, Br, I) hexagonal FeCl2,[77] CoI2,[78] NiI2,[79–82]

NiCl2/NiBr2
[82]

3d transition metal chalcogenides
1T-MX2 (MX2, M = V, Cr, Mn, Co; X = S, Se, Te) hexagonal
2H-MX2 (MX2, M = V, Cr, Mn, Co; X = S, Se, Te) hexagonal

Ternary 3d transition metal compounds

CrXTe3 (X = Si, Ge, Sn) honeycomb CrSiTe2,[83] CrGeTe2,[83,84]

MPX3 (MX2, M = V, Cr, Mn, Fe, Co; X = S, Se, Te) honeycomb VPS3,[85] MnPS3,[86–91]

MnPSe3,[92–97] FePS3,[98–108]

FePSe3,[109–111] CoPS3,[112,113]

NiPS3
[97,114,115]

MXY (M = Ti, V, Cr, Fe; X = O, S, Se, Te; Y = Cl, Br, I) orthorhombic CrSBr,[57,58,116–121] CrPS4,[122–126]

FenGeTe2 honeycomb
MnBinTem hexagonal MnBi2Te4

[122,127–129]

4d transition metal halides
α-RuX3 (X = Cl, Br, I) honeycomb α-RuCl3,[130–134] α-RuBr3

[135]

Nb3X8 (X = Cl, Br, I) kagome

3.1. Orthorhombic crystal

The orthorhombic crystal structure is the simplest struc-
ture, while, to date, only the ternary 3d transition metal com-
pounds (MXY , M = Cr, Fe; X = O, S, Se; Y = Cl, Br, I)
have been found to satisfy the orthorhombic crystal struc-
ture among the known vdW magnets. In this family, the
CrSBr,[57,58,116,118,120,121,136] an A-type AFM, is the material
that has been most extensively studied. In each unit cell,
there are two magnetic atoms, thus giving rise to two magnon
branches. The magnon dispersion is shown in Fig. 1. The
magnons in CrSBr have been discovered by many methods,
such as inelastic neutron scattering for bulk,[58] microwave ab-

sorption spectroscopy (Fig. 2)[118,121] and time-resolved ab-
sorption spectroscopy[57,120] for few layers. Cham has de-
tected the optical and acoustic magnon in CrSBr by antifer-
romagnetic resonances, and quantified the parameters govern-
ing the magnetic dynamics. Bae[57] has reported that due to
the interlayer antiferromagnetic coupling, the Brillouin zone
along c-axis fold into the half, as a result, the two magnon
branches both split into two sub branches: in-phase and out-
of-phase (which are not shown in Fig. 1). Another popular
material in this family is CrPS4,[123–125,137] which is also an A-
type AFM. The CrPS4 shows huge in-plane anisotropy, which
causes anisotropic magnon transport.[126]

Fig. 2. Magnons in CrSBr detected by microwave absorption spectroscopy. (a)–(b) Crystal structure of CrSBr. (c) Experimental schematic of
a CrSBr crystal mounted on a coplanar waveguide for microwave absorption measurements. The microwave magnetic fields are perpendicular
to the magnetic a axis. External fields can be applied either parallel (H‖) or perpendicular (H⊥) to the a axis. (d)–(e) Microwave absorption
spectra measured at 5 K as a function of magnetic field H⊥. (f)–(g) Microwave absorption spectra measured at 5 K as a function of magnetic
field H‖. Reprinted with permission from Ref. [121], Copyright 2022 American Chemical Society.

3.2. Honeycomb crystal

Just like graphene and many other vdW materials, the
honeycomb crystal structure encompasses many interesting
physical properties. The main reason is that it exhibits lin-
ear dispersion at the corner of the Brillouin zone, specifi-
cally at the K and K′ points in group theory, known as the

Dirac cone, which supports massless excitations. A wide

range of vdW magnets belongs to this family, including tran-

sition metal trihalides (MX3), ternary transition metal com-

pounds (CrXTe3 and MPX3) and FenGeTe2 (3 ≤ n ≤ 5), where

we can find almost all kinds of magnet types we have in-

troduced in Section 2. An extensively studied example is
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CrI3,[73–76,138,139] a FM with an easy axis along z-axis, in
which the magnon dispersion with two Dirac cones is shown
in Fig. 1(e). As a comparison, the materials with same
metal elements, CrCl3 [65–68,72] and CrBr3,[67,69–71] are easy-
plane and isotropic, respectively. Their magnons are re-
ported by inelastic neutron scattering[72,140] for bulk, Raman
scattering,[73,75] microwave absorption spectroscopy,[74] in-

elastic magneto-tunneling spectroscopy[139] and time-resolved
absorption spectroscopy[74] for few layers to monolayer, some
results are shown in Fig. 3. Just as graphene does, honeycomb
magnets carry Dirac magnons at the K and K′ points of the
Brillouin zone. Just like spin–orbit coupling, the DMI and the
Kitaev interaction play the similar role in opening the Dirac
cone and creating a band gap.[140,141]

Fig. 3. Magnons in CrX3. (a)–(b) Inelastic tunneling spectroscopy of magnons in 2L CrX3. (a) Field-dependent d2I/dV 2 vs. V for 2L CrX3 at 0.3 K
and (b) calculated magnon energies for 1L CrX3 with magnetic field applied along the hard axis. Magnon peaks in (a) are partially guided by dashed
lines. (c) Low-frequency cross-polarized Raman spectra taken at zero field, −4 T and 4 T. The grey box indicates the spectral range of the optical filter
below which the magnon is unresolvable. (d) Inelastic neutron scattering intensity of CrBr3 obtained by integrating the Ei = 30 meV dataset over four
constant-energy windows (indicated) and compared with linear spin-wave theory (LSWT). (e)–(f) Schematic spin-wave spectra in the vicinity of the K
points of CrBr3. When inversion symmetry is preserved, ωq ∝ 𝑞 and the dispersion forms a Dirac cone (e); otherwise, a gap opens to form separate
acoustic and optical magnon branches (f). Figures (a)–(b), (c) and (d)–(f) are reproduced with permission from Refs. [73,139], and [69], respectively.

Expect for transition metal trihalides, the ternary transi-
tion metal compounds also include a large range of vdW mag-
nets. There are ferromagnetic semiconductors CrXTe3 (X =

Si, Ge, Sn) and AFM MPX3 (M = V, Cr, Mn, Fe, Co and Ni;
X = S, Se, and Te). In the MPX3 family, magnons have already
been observed in Heisenberg AFM MnPS3,[86–91] XY AFM
NiPS3,[15,16,97,114,115,142,143] MnPSe3,[92–96] CoPS3,[112,113]

and Ising AFM FePS3
[98–108,144] and FePSe3

[109–111,145]

Among these, FePS3, FePSe3, NiPS3, and CoPS3 have zigzag
magnet order, while MnPS3 and MnPSe3 have Neel magnet
order. What’s more, the strong coupling between magnons
and phonons has been observed in FePS3,[101–103] FePSe3

[110]

and MnPSe3,[146] which is of great significance for the devel-
opment of magnonic devices.

FenGeTe2 (3 ≤ n ≤ 5) is a kind of vdW magnet
that can remain magnet order up to room temperature
(220 K for Fe3GeTe2, 270 K for Fe4GeTe2 and 300 K for
Fe5GeTe2).[147,148] The discovery of magnons in these ma-
terials will provide great benefits for the application of vdW

magnets in magnonics, but there is still no direct experimental
evidence.

3.3. Hexagonal crystal

Few experimental results about magnons have been re-
ported in this structure, while it is an important structure that
consists of many vdW families, such as transition metal di-
halides (MX2, M = V, Cr, Mn, Fe, Co; X = F, Cl, Br, I),
transition metal dichalcogenides (MX2, M = V, Cr, Mn, Co;
X = S, Se, Te; H-phase and T-phase) and MnBi2nTe3n+1

(n = 1, . . . ,4). One well studied material is MnBi2Te4, an in-
tralayer ferromagnetic vdW magnet, which is predicted and
experimentally shown to be axion insulator for odd layer[18]

and quantum anomalous Hall insulator for even layer[17,19,149]

because of its topological structure. The magnon of MnBi2Te4

has been found by inelastic neutron scattering,[150] time-
resolved magneto-optical Kerr spectrum,[129] time-resolved
reflection spectrum[129] and Raman spectrum.[127] In two-
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septuple layer MnBi2Te4 with non-trivial topology, magnon
characteristics evolve as an external magnetic field tunes the
ground state through three ordered phases: antiferromagnet
(AFM), canted antiferromagnet (c-AFM), and ferromagnet
(FM), which include two magnon modes, respectively. The-
oretically, only the modes with ℐ𝒯 𝒞, 𝒞𝒯 and ℐ symmetry
(ℐ represents inversion, 𝒯 represents time-reversal; 𝒞 repre-

sents rotation) are Raman active. While Lujan[127] found that
the Zeeman shift in AFM disappears, in favor of a narrow
two-magnon peak, which is shown in Fig. 5. For intralayer
hexagonal AFM, there exists geometrical frustration, so that
the magnet order can be noncollinear. Materials like NiBr2

[82]

and NiI2
[79–82] belong to this group, while there are still no

experimental results reporting magnons in them.

Fig. 4. Magnons in FePS3. (a) Top view of FePS3 crystal structure. (b) The zigzag antiferromagnetic magnetic structure of FePS3 below the Néel temperature
TN. Only the Fe atoms in FePS3 are shown, where spin up and spin down are labeled in pink and green, respectively, and the zigzag spin chains are arranged
along the a-axis. (c) There is antiferromagnetic coupling between layers. (d) The Raman spectra of FePS3 under magnetic field of 0–9 T at T = 5 K, indicating
that under a finite magnetic field, the magnon splits into two branches, and its dispersion can be fitted as the linear dispersion shown in (e). (f)–(h) Diagram
of antiferromagnetic magnon at Γ point. The two magnetization sub-lattices of AFM can be simplified as two macro-spins M1 (pink) and M2 (green). In the
ground state M1 and M2 points are in the +z and −z directions, shown in (f), include two degenerate magnon modes. At finite magnetic field, the degeneracy
of these modes is broken into ψ

(1)
4 and ψ

(2)
4 , shown in (g) and (h), respectively. Figures (a)–(h) are adapted from Ref. [106].

Fig. 5. Magnons in 2L MnBi2Te4. (a) Illustration of two triangular magnetic lattices formed by Mn ions in the top (bottom) layer indicated
by dark (light) purple spheres. The layers follow an ABC stacking order. D and Jc represent anisotropy and interlayer exchange coupling.
(b) Phase diagram as a function of temperature and an applied magnetic field perpendicular to the 2D plane. (c)–(e) Magnons in AFM, c-AFM
and FM phases. Two modes in AFM unchanged after ℐ𝒯 𝒞, one mode in c-AFM unchanged after 𝒞𝒯 , and one mode in FM unchanged after
ℐ, they are Raman active theoretically. (f) Raman spectra at 12 K as a function of magnetic field. P and M represent phonon and magnon,
respectively. (g) Extracted central frequency for both the phonon and magnon vs. magnetic field. (h) Calculated magnon modes in the AFM,
c-AFM and FM phases. Figures (a)–(h) are reproduced with permission from Ref. [127].

107201-7



Chin. Phys. B 34, 107201 (2025)

3.4. Kagome crystal

Kagome crystal structure is similar to honeycomb crystal,
while there are three magnet atoms in each unit cell. Among
the three bands, one of them is flat, the others are similar to
the two bands in honeycomb crystal. In the flat band, the
magnet energy is the same in the whole Brillouin zone, which
means the kinetic energy of magnons is cancelled out, and the
magnons are localized. A possible material family is Nb3X8

(X = Cl, Br and I),[151,152] where Nb forms breathing kagome
crystal. However, some experiments show that they actually
are Mott insulators, and the magnetism comes from the Nb3

trimers, which form a hexagonal lattice.[153] Another impor-
tant reason why the kagome crystal has attracted attention is
that its ground state is believed to potentially be quantum spin
liquid (QSL), whose quasiparticle excitations are no longer
magnons but spin-1/2 spinons.[154]

4. Experimental methods to detect magnons in
vdW magnets

There are many methods for studying magnons in vdW
magnets, such as inelastic neutron scattering, optical inelas-
tic scattering, time-resolved spectroscopy, inelastic magneto-
tunneling spectroscopy, etc. Among them, inelastic neutron
scattering can study the dispersion of magnons throughout the
Brillouin zone, but it is only applicable to bulk samples. Op-
tical methods can be used to study monolayer samples, but
typically only the magnons at the center of the Brillouin zone
can be detected. As a supplement to optical methods, transport
methods can be used to study the magnons at the points with
finite momentum of the Brillouin zone.

4.1. Inelastic neutron scattering

Inelastic neutron scattering is a commonly used technique
for studying magnons in materials.[39,58,69,70,140,155–157] Neu-
trons are uncharged but with spin 1/2, which makes them suit-
able for investigating the magnetic properties of materials. In-
elastic neutron scattering can be employed to study the disper-
sion and behavior of magnons through the energy exchange
between neutrons and magnons in the material. Compared to
optical methods, neutron scattering can provide the informa-
tion about the dispersion of magnons across the entire Bril-
louin zone due to the large momentum of neutrons, as exem-
plified in Fig. 3. However, for vdW materials with micron-
level dimensions and nano-level thickness layers, the signal
from neutron scattering may be weak, making it challenging to
use neutron scattering for studying these materials.[1] When it
comes to the behavior of vdW magnets in the two-dimensional
limit, neutron scattering is not an ideal method.

4.2. Optical methods
4.2.1. Raman spectroscopy

Raman spectroscopy is a convenient and non-
destructive tool to characterize the quasiparticles in vdW
materials.[2,158–162] The prominent features of Raman peaks,
including frequency, full width at half maximum (FWHM),
intensity and line shape, contain useful information to inves-
tigate the fundamental physical properties of 2D materials.
The theory of magnon Raman spectroscopy was described by
Fleury and Loudon in 1968.[163] According to their theory,
light can interact with spins in two ways: by direct coupling
between the magnetic field of the light and the spins and by
indirect coupling, which means the light first couples to the
electric dipole of the magnetic ions, then influences the spins
through spin–orbit coupling. In Raman spectroscopy, the latter
plays a more important role.

The Raman process satisfies the law of en-
ergy/momentum conservation, h̄ωS(AS) = h̄ωi ∓ h̄Ω , 𝑘S(AS) =

𝑘i ∓ 𝑞, where h̄ωi/𝑘i is the energy/momentum of the inci-
dent photons, h̄Ω/𝑞 is the energy/momentum of the quasi-
particles and h̄ωS(AS)/𝑘S(AS) is the energy/momentum of
the Stokes/anti-Stokes photons. Because the momentum of
light is very small (𝑘i,𝑘S(AS) ∼ 0), the single quasiparticle
Raman spectroscopy can only probe the information around
the Γ point in the Brillouin zone. For the two-magnon pro-
cess, all magnon pairs satisfying 𝑘1 = −𝑘2 can be detected,
while the pair on the boundary is the main component, re-
flecting the information of magnetic exchange coupling and
spin fluctuations.[1] For example, the one-magnon scattering
in FePS3

[106] and MnPS3,[91] together with the two-magnon
scattering in NiPS3

[14] have been revealed by Raman.

4.2.2. Brillouin spectroscopy

Like Raman spectroscopy, the Brillouin spectroscopy is
also an inelastic light-scattering technique, which can detect
lower energy quasiparticles than Raman.[164–167] Modern low-
wavenumber Raman (LWNR) instruments utilize novel notch
filters and fine gratings, which allow the detection of quasi-
particles with minimum energies of ∼150 GHz (∼ 5 cm−1) or
higher. The Brillouin instruments use multi-pass tandem FP
interferometer, so can probe quasiparticles with much lower
energies in the range of 300 MHz to 900 GHz.[168] Usually
the magnons have low energy, so the Brillouin spectroscopy is
an effective method to study them.

4.2.3. Time-resolved optical spectroscopy

Optical spectroscopy like magnetic circular dichroism
(MCD),[169,170] magneto-optical Kerr effect (MOKE),[171]

magnetic linear dichroism (MLD),[172,173] etc., can get the
magnetic information from materials. Furthermore, their time-
resolved version can detect the coherent excitations, for exam-

107201-8



Chin. Phys. B 34, 107201 (2025)

ple, magnons. As in Fig. 6, Shi[134] used time-domain tera-
hertz spectroscopy to measure the low energy conductivity and
magnons in RuCl3 under an external magnetic field. They have
found a magnon with 0.62 THz at zero field below TN, which
is not affected by the external magnetic field HDC along the c-
axis, but is clearly suppressed when HDC is applied within ab
plane. When the magnetic component of THz wave h(t) is per-
pendicular to the applied in-plane magnetic field, there is an-
other coherent oscillation at slightly higher energy scale at the

field above 2 T, which is eventually suppressed for HDC > 5 T.
The measurement indicates that the in-plane magnetic field
can lift the degeneracy of two branches of low energy magnons
at Γ point. Zhang[74] used ultrafast optical pump/magneto-
optical Kerr probe technique to excite spin waves and probe
their dynamics in AFM CrI3 bilayers. What’s more, some
vdW magnets have strong magnon–exciton coupling, such as
CrSBr, so that the time-resolved absorption spectra can indi-
rectly reflect their magnon dynamics.[57,142]

Fig. 6. Time-resolved optical spectroscopy is used to study magnons in α-RuCl3 and CrI3. (a) Schematic of three domain orientations of α-RuCl3
with zigzag magnetic order and terahertz measurement. (b) Coherent magnon excitation of α-RuCl3 in time domain at selected temperatures. The inset
shows angle dependence of magnon excitation at 4 K. (c)–(e) Fourier transform of coherent magnon excitation of α-RuCl3 in time domain at selected
magnetic fields. (c) HDC ‖ c axis; (d) HDC ‖ ab plane and HDC⊥h(t); (e) HDC ‖ ab plane and HDC ‖ h(t). (f) Time-resolved magnon oscillations
of bilayer CrI3 detected by pump-induced Kerr rotation as a function of pump–probe delay time under different in-plane magnetic fields. (g) Fourier
transform of (f). Figures (a)–(e) and (f)–(g) are reproduced with permission from Refs. [134] and [74], respectively.

Fig. 7. Magnons in CrI3 and α-RuCl3 detected by inelastic magneto-tunneling spectroscopy. (a) Schematic of the CrI3 tunnel junction device for
inelastic magneto-tunneling spectroscopy. (b) Schematic energy diagram of a metal/ferromagnetic insulator/metal junction. The red and blue lines in
the barrier region represent the spin-up and spin-down energy barriers, respectively. The lower barrier for spin-up electrons leads to spin polarized
tunneling and reduced resistance for a ferromagnetic barrier. (c) dI/dV vs. DC bias voltage for a bilayer CrI3 barrier device at zero applied magnetic
field. (d) d2I/dV 2 vs. DC bias voltage. According to the theory of inelastic tunneling spectroscopy, the peaks in (d) correspond to phonon or magnon
excitations of the barrier or electrodes. (e)

∣∣d2I/dV 2
∣∣ versus applied magnetic field and DC bias voltage. All three inelastic peaks increase in energy

as the applied field is increased. (f) Energy of the two lowest energy inelastic peaks versus applied magnetic field. (g)–(j) shows the similar research of
α-RuCl3. (g) d2I/dV 2 vs. DC bias voltage at different magnetic field B ‖ ab plane, and the magnons energy is shown in (h); (i) and (j) are the same
result when B⊥ab plane. Figures (a)–(f) and (g)–(j) are reproduced with permission from Refs. [76,130], respectively.
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4.3. Inelastic magneto-tunneling spectroscopy

Inelastic magneto-tunneling spectroscopy uses a magnet
semiconductor as a barrier to detect the tunneling differential
conductance (dI/dV ). If there is any inelastic scattering be-
tween the electron and other quasiparticles, then the density
of states of the electron will change, and the dI/dV will ex-
hibit different signals. There are already some works that use
this method to detect magnons in vdW magnets, such as CrX3

(X = Cl, Br and I)[67,76] and α-RuCl3.[130] Compared with
optical methods, the inelastic magneto-tunneling spectroscopy
can detect the magnons at finite momentum points, while the
latter can only study the magnons at Γ point. For example, as
shown in Figs. 7(a)–7(f), Kleih[76] detected the magnons at M
point (the van Hove singularity point with a divergent magnon
density of states).

5. Interaction between magnons and other
quasiparticles

5.1. Phonons

The interaction between magnons and phonons creates
hybridization between magnetic and phononic resonances,

which provides methods to excite, manipulate, and detect
magnons. The antiferromagnetic magnon has a frequency sim-
ilar to optical phonons in the THz range, enhancing the cou-
pling strength. In application, due to the typically large ex-
change interaction and the absence of dipolar fields, antiferro-
magnetic magnons can process information at a speed three or-
ders of magnitude faster than FM magnons,[51–56] and they are
more stable under small electromagnetic disturbances.[52,174]

Based on the reasons above, the coupling between magnons
and phonons in vdW AFM is becoming an emerging field. As
shown in Fig. 8, Liu,[175] Vaclavkova[102] and Sun[101] et al.
directly observed the strong coupling between magnons and
phonons in FePS3 by Raman spectroscopy. The magnon mode
couples to the nearest phonon mode, and forms a magnon po-
laron pair, whose energy dispersion shows an anti-crossing
character. In addition, the circular polarized Raman spec-
tra show that the magnon transfers its spin to the phonon
through the strong coupling under the out-of-plane magnetic
field. Mai[176] has reported the hybridization of two-magnon
continuum with two phonons in MnPSe3, which can be de-
scribed by a Fano-like model.

Fig. 8. The magnon–phonon coupling in FePS3. (a) The Raman spectrum of phonons and magnons of FePS3, and (b), (d) the magnon and
phonon energies, include anti-crossing. (c) The Schematic diagram of magnon–phonon coupling. Reprinted with permission from Refs. [101,
175], Copyright 2022 American Chemical Society.

5.2. Excitons

Some vdW magnets are semiconductors, which feature
both tightly-bound excitons with large oscillator strength and
potentially long-lived coherent magnons due to the presence
of bandgap and spatial confinement. While magnons and ex-
citons are energetically mismatched by orders of magnitude,
their coupling can lead to efficient optical access to spin infor-
mation. Such 2D magnon–exciton coupling allows the launch
and detection of spin waves from strong absorption, emis-
sion, or reflection of light in the energy range corresponding
to excitonic transitions. An example is CrSBr, a A-type AFM
with an excitonic gap 1.34 eV. The energy change of exci-
ton ∆Eex ∝ cos2 θ

2 , where θ is the angle between the magnet
moments between neighboring layers. As shown in Fig. 9,
through this way, Bae[57] shows that the coherent magnons can

be detected by time-resolved exciton sensing. Diederich[142]

uses this method to show that by controlling the direction of
applied magnetic fields relative to the crystal axes, the exci-
ton can couple to not only the bright magnon, but also to an
optically dark mode via magnon hybridization.

5.3. Magnon devices based on vdW magnets

The implementation of van der Waals (vdW) magnets
in magnonic devices has emerged as a significant research
frontier. Fundamental magnonic operations — including
magnon generation, propagation, and detection — have been
successfully established in vdW magnetic systems through
experimental verifications.[177,178] Furthermore, the develop-
ment of magnon-based computing architectures necessitates
the implementation of nonlinear signal processing elements,
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Fig. 9. Coupling of magnons and excitons in CrSBr. (a) The experiment configuration of transient reflectance. A femtosecond pump pulse with
above gap photon energy launches spin waves in the layered AFM semiconductor CrSBr. Reflectance from a broadband probe pulse measures
coherent oscillation at excitonic transitions. An external canting field, B = 0.2 T, is applied along the c-axis (normal to the 2D planes) to
enhance the oscillatory signal. (b) Normalized reflectance of CrSBr. (c) Transient reflectance spectra ∆R/R as a function of pump–probe delay
(∆t) and probe photon energy (hν). (d) Fourier transform of ∆t in panel (c), shows the two magnons at 24 GHz and 34 GHz. (e)–(f) Coherent
coupling between the bright and dark magnon modes. (e) The transient optical reflectivity at selected magnetic field in time-domain, the beating
at 0.53 T is attributed to the magnon hybridization, the magnetic field applied at θab = 2∘ to the a-axis. (f) The data in frequency domain, the
first figure shows the situation that the magnetic field is along the a axis, while the second has the same magnetic field as (e). Inset shows
the definition of θab. The observed avoided crossing demonstrates the coherent hybridization between the bright and dark magnon branches.
Figures (a)–(d) and (e)–(f) are reproduced with permission from Refs. [57,142], respectively.

Fig. 10. The vdW magnon valve device and anisotropic magnon read-only memory (ROM). (a) Artistic schematics of the anisotropic magnon
valve devices. Specifically, Iin: AC injection current; Igate: DC gate current; V2ω : the second harmonic thermal magnon inverse spin Hall signal;
θ : the angle of the in-plane magnetic field with respect to the direction perpendicular to the Pt electrodes. (b) Experimental and simulated
V2ω,θ=0 vs. Igate curves at B = 4 T, Iin = 60 µA and T = 2 K. Red and blue points show magnon transport signals taken along the ⟨010⟩ (device-
S) and ⟨100⟩ (device-W) directions of the CrPS4 crystal, respectively. Red and blue solid curves are respective simulations for device-S and
device-W. (c) Three magnon ROM unit recording the letter “PKU” in ASCII codes. (d) Operation of the magnon ROM “P” with Iread = 0 µA
(not reading) and 60 µA (reading), respectively. When in the reading state, each magnon ROM unit generates an 8-bit series that represents a
capital letter according to the ASCII codes.

analogous to transistor-based logic gates in conventional elec-

tronics. Such devices have been demonstrated by Chen[179] to

be achievable through gated magnetic second-harmonic gen-

eration in MnPS3, where thermal magnons are generated by

an alternating current signal, then a second-harmonic signal

is produced in the detection electrode via the inverse spin

Hall effect. Arising from the nonlinear gate dependence of

the non-equilibrium magnon density in the 2D spin chan-
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nel, this second-harmonic signal can be modulated by a di-
rect current gate current until it completely vanishes, thereby
enabling logic gate operations, named vdW magnon valves.
As shown in Fig. 10, using CrPS4, experiments revealed that
this effect can also depend on the propagation direction of
the magnons[180] — specifically, the magnitude of the second-
harmonic magnon signal differs in two mutually perpendicu-
lar crystal axes, which is related to the anisotropic spin See-
beck coefficient tensor of CrPS4. Leveraging this property,
a magnon-based memory device has been fabricated, where
logic 0 and logic 1 are defined by the propagation direction of
magnons in the waveguide. When magnons are excited, the
stored information can be read out based on the value of the
second-harmonic signal. While these developments highlight
the potential of vdW magnets in magnonics, systematic in-
tegration of conventional magnonic device architectures with
vdW material platforms remains essential for fully exploiting
their unique advantages.

6. Conclusion and perspectives
In conclusion, we systematically summarize the core

progress in the field of magnetic oscillator theory and experi-
ments: at the theoretical level, we introduced the basic theory
of ferromagnetic/antiferromagnetic magnons and its relation
with Mermin–Wagner theorem, particularly highlighting its
crucial implications for two-dimensional systems where ther-
mal fluctuations play a dominant role. We clarify how this the-
orem governs the stabilization of 2D magnetic order through
anisotropy, reconciling the theory-experiment discrepancy in
low-dimensional systems.

At the experimental level, we summarize the magnons
found in materials with different magnetic structures. We in-
troduce the basic experimental technologies, including inelas-
tic neutron scattering, Raman/Brillouin spectroscopy, time-
resolved spectroscopy, and inelastic magneto-tunneling spec-
troscopy. In addition, we discuss the coupling between
magnons and phonons/excitons, which can be used to clar-
ify the properties of vdW magnets and provides new ideas for
low-power spin information transmission and energy conver-
sion.

In magnets, solitons such as domain walls, vortices
and skyrmions that exist in equilibrium can be topologi-
cally protected.[181,182] There also exist solitons that act as
robust excited states, such as spin wave bullet and spin
wave droplets,[183] in which nonlinear interactions compen-
sate the wave packet dispersion.[184] This kind of magnet soli-
ton has been studied in thin magnetic films.[185,186] Van der
Waals magnets or artificial magnonic lattices with topologi-
cally non-trivial structures may contain topologically nontriv-
ial magnonic solitons, which are strongly influenced by the
topological phase of the underlying lattice and will exhibit

properties such as unidirectionally propagating edge states[187]

and robust topological dynamic distinction.[184] Thus, it can be
used for information storage and transfer. In recent years, the
altermagnet has received widespread attention. The magnons
in altermagnet have both linear and nondegenerate magnon
dispersion compared with FM and AFM.[188,189] Many pos-
sible 2D altermagnets have been theoretically predicted,[188]

and we expect the discovery and control of magnons within
these systems. What’s more, some vdW magnets don not have
magnet order in their monolayers due to the quantum and ther-
mal fluctuations, such as NiPS3, a material that satisfies the
2D XXZ model, at low temperatures it behaves like a 2D XY
model. It is believed that nontrivial magnetic excitations, such
as Majorana particles,[190] spinons,[191] etc., can exist in these
quantum-fluctuation-dominated systems. In addition, twist bi-
layer has been widely researched,[192] while the study of twist
magnets just began a short time ago. Twisted vdW mag-
nets may have moiré magnons,[24] topological magnons[193]

and one-dimensional magnon network.[194] In addition, ma-
terials with stable magnetic order at room temperature are of
great significance for the application of spin waves, such as
FenGeTe2, we look forward to the research on the detection
and manipulation of magnons in them.

For experimental methods, the optical method can only
study the magnons at Γ point, while it is useful to ac-
cess the full magnon dispersion in the full Brillouin zone
momenta. However, it is challenging to use inelastic neu-
tron scattering or non-resonant x-ray scatterings on micron-
sized samples prepared via mechanical exfoliation due to
the weak signal intensity. The resonant inelastic x-ray scat-
terings are needed to achieve sufficient signal-to-noise lev-
els in few-layer samples.[195] In addition, the quantum sen-
sors based on spin defects in solids can be used to image
magnon transportation.[196–200] The nitrogen-vacancy (NV)
centers in diamond can detect magnons via resonant coupling
between the magnon frequency and the NV spin transitions,
where magnon-induced fields drive coherent spin-state oscil-
lations, measurable through optically detected magnetic reso-
nance (ODMR).[200] ODMR has already been used to detect
magnons in thin magnetic films made by bulk magnetic ma-
terials, such as YIG and Ni80Fe20.[197,198] We believe that its
application in two-dimensional magnetic materials will bring
new opportunities for studying magnon propagation, interfer-
ence, and scattering with nanoscale resolution.[196,201]
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6 605
[49] Johnston D C 2017 Phys. Rev. B 95 094421
[50] Gomonay O, Baltz V, Brataas A and Tserkovnyak Y 2018 Nat. Phys.

14 213
[51] Prosnikov M A, Smirnov A N, Davydov V Yu, Pisarev R V, Lyubochko

N A and Barilo S N 2018 Phys. Rev. B 98 104404
[52] Fulara H, Zahedinejad M, Khymyn R, Awad A A, Muralidhar S,
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[175] Liu S, Granados Del Águila A, Bhowmick D, Gan C K, Thu Ha Do T,
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