
Physics Reports 1032 (2023) 1–36

C
J
C

Contents lists available at ScienceDirect

Physics Reports

journal homepage: www.elsevier.com/locate/physrep

Spin dynamics in van derWaalsmagnetic systems
hunli Tang a,b, Laith Alahmed a, Muntasir Mahdi a, Yuzan Xiong c,
erad Inman c, Nathan J. McLaughlin d, Christoph Zollitsch e, Tae Hee Kim f,g,
hunhui Rita Du d, Hidekazu Kurebayashi e,h,i, Elton J.G. Santos j,k, Wei Zhang l,c,

Peng Lim,a, Wencan Jin b,a,∗

a Department of Electrical and Computer Engineering, Auburn University, Auburn, AL 36849, USA
b Department of Physics, Auburn University, Auburn, AL 36849, USA
c Department of Physics, Oakland University, Rochester, MI 48309, USA
d Department of Physics, University of California, San Diego, La Jolla, CA 92093, USA
e London Centre for Nanotechnology, University College London, 17-19 Gordon Street, London, WCH1 0AH, UK
f Center for Quantum Nanoscience, Institute for Basic Science (IBS), Seoul 03760, South Korea
g Department of Physics, Ewha Womans University, Seoul 03760, South Korea
h Department of Electronic and Electrical Engineering, University College London, Roberts Building, London, WC1E 7JE, United
Kingdom
i WPI Advanced Institute for Materials Research, Tohoku University, 2-1-1, Katahira, Sendai 980-8577, Japan
j Institute for Condensed Matter Physics and Complex Systems, School of Physics and Astronomy, The University of
Edinburgh, Edinburgh, EH9 3FD, UK
k Higgs Centre for Theoretical Physics, The University of Edinburgh, EH9 3FD, UK
l Department of Physics and Astronomy, University of North Carolina at Chapel Hill, NC 27599, USA
m School of Microelectronics, University of Science and Technology of China, Hefei 230052, China

a r t i c l e i n f o

Article history:
Received 9 January 2023
Received in revised form 22 August 2023
Accepted 5 September 2023
Available online 10 September 2023
Editor: Fulvio Parmigiani

Keywords:
Ferromagnetic resonance
Magnetization dynamics
Spin wave
Two-dimensional magnetism
van der Waals materials
Spintronics

a b s t r a c t

The discovery of atomic monolayer magnetic materials has stimulated intense research
activities in the two-dimensional (2D) van der Waals (vdW) materials community. The
field is growing rapidly and there has been a large class of 2D vdW magnetic compounds
with unique properties, which provides an ideal platform to study magnetism in the
atomically thin limit. In parallel, based on tunneling magnetoresistance and magneto-
optical effect in 2D vdW magnets and their heterostructures, emerging concepts of
spintronic and optoelectronic applications such as spin tunnel field-effect transistors
and spin-filtering devices are explored. While the magnetic ground state has been
extensively investigated, reliable characterization and control of spin dynamics play a
crucial role in designing ultrafast spintronic devices. Ferromagnetic resonance (FMR)
allows direct measurements of magnetic excitations, which provides insight into the key
parameters of magnetic properties such as exchange interaction, magnetic anisotropy,
gyromagnetic ratio, spin–orbit coupling, damping rate, and domain structure. In this
review article, we present an overview of the essential progress in probing spin dynamics
of 2D vdW magnets using FMR techniques. Given the dynamic nature of this field,
we focus mainly on broadband FMR, optical FMR, and spin-torque FMR, and their
applications in studying prototypical 2D vdW magnets. We conclude with the recent
advances in laboratory- and synchrotron-based FMR techniques and their opportunities
to broaden the horizon of research pathways into atomically thin magnets.
©2023 TheAuthors. Published by Elsevier B.V. This is an open access article under the CCBY

license (http://creativecommons.org/licenses/by/4.0/).
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0. Introduction

The demonstration of magnetism in the two-dimensional (2D) limit has long been the focus of fundamental questions
n condensed matter physics [1]. In the 1960s, quasi-2D magnetic order has been identified in bulk magnets in which
he weak interlayer interactions prevent magnetic ordering in the third dimension [2–4]. In the 1970s, ultrathin
ilm magnetism was realized in elemental metals or metallic alloys thanks to the development of vacuum-deposition
echniques [5–7]. Such approaches allow to deposit layers of a magnetic compound atom-by-atom on a substrate via
apor deposition techniques, i.e., chemical vapor deposition (CVD) or physical vapor deposition (PVD). That is, the atoms
r molecules from a vapor source reach the solid-state surface with almost no collision with residual gas molecules in
n inert environment (e.g., deposition chamber), which chemical reactions might take place at the surface to promote
he formation of the system [8]. Different precursors, rate diffusion, annealing, pressure, and temperature conditions are
sed to induce the formation of high-crystalline samples. Good vacuum is normally required for the processes involved
s the deposited layers can range from one-atom thickness up to millimeters. PVD and CVD allow the fabrication of high-
uality, high-purity, highly controlled elemental and permalloy thin films, but suffer to be able to produce layers that can
e easily exfoliated as in the case of 2D van der Waals (vdW) materials. Indeed, transition-metal monolayers (e.g., V, Cr,
n, Fe, Co, Ni) deposited on different substrates (e.g., noble-metals) [9–18] were considered historically classical systems
xhibiting 2D magnetism. The reduced dimensionality induces a low coordination number of nearest neighbor atoms for
he transition metal which intrinsically changes several electronic features relative to bulk. Such as d-band widths, local
ensity of states at the Fermi level, magnetic moment and charge density [19]. For instance, the large variation of the
agnetic moment from bulk down to the atom limit provides a number of nanoscale systems (e.g., clusters, wires, thin

ilms) to be explored (Fig. 1a). At the atom limit, the magnetic moment follows Hund’s first rule resulting in almost third
ransition-metal elements with a net magnetic moment over the entire periodic table. This counting argument based on
he electron filling of the electronic shells indicates that most of the large magnitudes of the 3d moments are located at
he middle of the series around Cr and Mn (5 µB). This scenario changes critically at bulk as most of the transition metal
ompounds do not show any magnetic features with the exception of five elements: Cr, Mn, Fe, Co, and Ni. Between single
toms and bulk crystals, a broad amount of physical behavior determines the magnetic characteristics [20] of the systems.
In this context, the d–d hybridization between the transition metal monolayer and a metallic substrate (Fig. 1b) is an

dditional parameter to be considered as it affects the magnetic properties of the layers as reported in many systems [17,
8]. For instance, magnitudes of the magnetic moment [21], ground states (ferromagnetic, or anti-ferromagnetic) [22],
ormation of frustrated spin-ordered [23,24], interlayer spin relaxation [25], magnetocrystalline anisotropy [16,26], and
xchange energies [20,27] have been observed to show some dependence with the underneath surfaces. Initially assumed
o be a tuning parameter for magnetic monolayers deposited on noble metal surfaces, interfacial interactions promptly
2
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Fig. 1. Dimensionality induced variation of magnetic properties. a. Local magnetic moments of several 3d transition metals at bulk and at the isolated
tom. Only d-electrons are considered for the atoms whereas the spin moment is included for bulk [31]. Ferromagnetic (antiferromagnetic) bulk
etals are shown by filled (empty) squares. b. Schematic of a thin film deposited on top of a substrate with decreasing thickness at specific growth
onditions until reaches the 2D monolayer limit.

ecame more complex to deal chemically which inherently obscured more fundamental phenomena thought to be
resent in strictly two dimensions. As a matter of fact, the long-time until truly monolayer materials could be isolated
r transferred to different substrates for a variety of applications might be due to the common belief that interactions
ith the substrates are strong enough to harden any possibility of free-standing magnetic layers absent of any substrates.
his scenario has proved to be true until early 2000s when the first works on 2D van der Waals (vdW) materials came to
ight [28–30].

Nonetheless the past research in quasi-2D magnets and magnetic thin films resulted in unfruitful developments, since
wide variety of spintronic functionality (i.e., magnetic tunnel junctions and giant magnetoresistance [32–38]) has been
xploited in data storage and random-access memory applications using underlying principles from quasi-2D systems.
hose developments have allowed a revolution on how thin, fast, and low-cost data information can become. There
ave been around 12 years since the isolation of graphene and other 2D materials [28] until on 2017 when intrinsic
D magnetic order was discovered in vdW Cr2Ge2Te6 [39] and CrI3 [40] crystals down to atomically thin flakes. The
uccess of this approach highlights that the intrinsic character of short-range interactions in finite systems can overcome
hermal fluctuations and stabilize long-range magnetic order in the 2D limit [41].

Despite the new opportunities presented by 2D magnetism, the experimental techniques used to study 2D magnets are
till less mature than those used for the well-established bulk magnets and magnetic thin films. Since 2D vdW magnets
re typically produced as micrometer-scale thin flakes, macroscopic volumetric analysis tools such as superconducting
uantum interference devices (SQUID) magnetometry and neutron scattering are generally not applicable. Optical spec-
roscopy and microscopy such as polarized micro-Raman scattering [42–52], magneto-optical Kerr effect (MOKE) [40,53]
nd magnetic circular dichroism (MCD) [54,55] have been widely used to study magnetic order parameters of 2D
agnets. However, these techniques are highly sensitive to the wavelength of light and the choice of substrate since

he magneto-optical response, as shown in CrI3 and CrBr3, is dominated by excitonic effect [56–58].
Ferromagnetic resonance (FMR) has been broadly applied to a range of materials from bulk magnets to nano-scale

agnetic thin films. There are several excellent reviews on this technique [59–64]. Nowadays, the unique capabilities
3
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f FMR have been exploited to study 2D magnets. First, standard FMR theory shows that the resonance frequency is
function of the effective field, which comprises the information of the exchange coupling, magneto-crystalline and

hape anisotropy [65–67]. This dependence can be used to characterize the microscopic parameters of 2D magnets. In
ddition, the dynamic properties of 2D magnets can be easily perturbed by microwave absorption. Therefore, FMR can be
sed to explore magnetization dynamics due to varying mechanisms including spin pumping, spin torque, and spin Hall
ffect. Moreover, analysis of FMR line shape provides direct access to the damping constant, which is the most important
arameter for controlling dynamic behaviors in spintronic devices.
In this review, we summarize the recent development of FMR studies of 2D vdW magnets. The article is arranged

nto sections as follows. Section 1 provides an overview of 2D vdW magnets and highlights their unique characteristics
n magnetization dynamics. Section 2 introduces the formalism of magnetization dynamics using standard FMR theory
nd prototypical FMR techniques. Section 3 shows the broadband FMR spectroscopy studies of the key parameters of
agnetic properties including magnetic anisotropy, g-factor, domain structure, and interlayer coupling in the prototypical
D vdW magnets. Section 4 discusses the optical excitation and detection of magnetization dynamics and the usage of
his technique in studying laser-induced magnetization dynamics, magnetic critical behavior, light control of magnetism,
nd collective excitations such as exciton–magnon and phonon–magnon coupling. Section 5 presents the current induced
pin-torque resonance and highlights its application in 2D-magnets-based spin–orbit torque devices. In Section 6, we
iscuss the recent technical advances in magnetization dynamics with phase, energy, spatial, and element resolution.
inally, we conclude with future perspectives and opportunities in this field.

. Overview of 2D vdW magnets

Using mechanical exfoliation, chemical vapor deposition (CVD), and molecular beam epitaxy (MBE) methods, a rich
ollection of vdW magnetic materials covering a wide spectrum of magnetic properties are experimentally demonstrated
ncluding binary transition metal halides (VI3 [68], CrCl3 [69], CrBr3 [70]), binary transition metal chalcogenides (CrTe2
71–73], VSe2 [74], VTe2 and NbTe2 [75], Cr3X4 (X = S, Se, Te) [76]), ternary transition metal compounds (MPS3 or
MPSe3 (M = Mn, Fe, Ni) [77], FenGeTe2 (n = 3, 4, 5) [78–81], MnBi2Te4 [82], CrSBr [83], CrSiTe3 [84]), and other binary
ransition metal compounds (MnSex [85], CrB2 [86]). For a more extended summary of currently known 2D vdW magnets
nd their synthesis methods, several recent review articles focused on the material landscape are available [87–90].
As the library of 2D magnets has been rapidly growing over the past few years, there are a couple of important

esearch thrusts that attracted great attention in the field of materials science, microscopic theory, and device applications.
irst, a large variety of vdW magnets is available and many of their 2D form have not been investigated yet. The
agnetic states in 2D materials are distinct from those in bulk crystals. For example, CrI3 in few-layer form develops

ayered antiferromagnetic (AFM) configuration below the magnetic onset of 45 K [40], while bulk CrI3 exhibits a
erromagnetic (FM) order below the Curie temperature of 61 K [91]. The layered AFM states give rise to giant tunneling
agnetoresistance, which can be considered as a perfect spin filter [92–95]. The layered AFM states can be switched to FM
tates upon applying a moderate magnetic field [40], or electric field [53,54], or electrostatic doping [96], or hydrostatic
ressure [97,98], opening the route for the development of tunneling-based memory and sensing devices. Therefore,
t is instructive to find more 2D semiconducting magnets with layered AFM configuration and to check whether the
ntimate coupling between spin configuration, electronic state, and stacking symmetry can exist in different compounds as
t does in CrI3. In addition, to realize industrial applications, the synthesis of 2D magnets with high transition temperature
sing wafer-scale methods is still pressingly in need. Second, to gain fundamental insights into the 2D magnetic order,
t is crucial to understand the microscopic parameters such as dipolar interactions and magnetocrystalline anisotropy.
lthough the strength of these interactions is typically small, they will have a crucial impact on the 2D vdW magnets. It
as initially thought that magnetic anisotropies [99] would be necessary for the stabilization of long-range ferromagnetic
r antiferromagnetic order in 2D system at finite temperatures. However, recent results [41] demonstrated that such
ependence does not exist which opened the prospects of materials following a simple isotropic Heisenberg model. Third,
n addition to the ground state, magnetic excitations provide a basic ingredient of the microscopic description of many
hysical properties. For example, magnons or spin waves are collective excitations of the spins in magnetically ordered
ystems. If their control via different driving forces (e.g., electrical currents, strain, laser pulses) can be achieved in real
evice-platforms intriguing energy-efficient applications might be created [90]. Moreover, magnetic excitations play a key
ole in determining the spin pumping efficiency and switching speed of many spintronic devices. The recent progress of
he field of 2D magnets has been extensively reviewed in the literature [88,90,100–108].

We also note some distinct characteristics where the 2D vdW systems are unique in comparison with the FMR studies
f conventional 3D magnets and magnetic thin films. First, due to the small volume of samples, accurate characterization of
agnetic properties of 2D magnets requires ultrahigh sensitivity. This makes several magnetization dynamics techniques
ery relevant to the study of 2D magnetism. For example, in determining saturation magnetization, magnetization
ynamics is more advantageous than static magnetometry, as the magnetization is extracted from their intrinsic resonant
ispersion relation (frequency vs. field), rather than picking up the total induction. Second, unlike bulk and magnetic
ultilayer systems, the 2D vdW systems concern only a few layers and the conventional thickness arguments become
purely stacking issue. The well-defined intralayer and interlayer couplings in 2D magnets thus underpin robust and

eproducible spin dynamics that can be often modeled in the frame of synthetic (anti-)ferromagnetic systems. Third,
any 2D vdW magnets are low-to-mid bandgap semiconductors. Therefore, exciton physics in the frame of optics can be
imultaneously explored with its spin dynamics using ultrafast spectroscopy and magneto-optic effects.
4
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Fig. 2. Principles of magnetization dynamics and ferromagnetic resonance. a. The magnetization M (red arrow) precesses about the effective field
eff (yellow arrow). The field-like torque M×Heff and damping-like torque M×

dM
dt are shown in blue and purple arrows, respectively. b. Coordinate

system used to describe the experimental configuration. The orientation of the applied DC magnetic field (H⃗) is denoted by (θH , φH ), and the resulting
equilibrium orientation of the magnetization (M⃗) is given by (θ, φ) in spherical coordinates. c. Imaginary part of the magnetic susceptibility (χ2 ,
orange) as a function of magnetic field (H) and corresponding magnetic field derivative (dχ2/dH , blue). Hres is the resonance field and ∆H is the
linewidth.

2. Magnetization dynamics and ferromagnetic resonance

2.1. Equation of magnetization dynamics and resonance condition

Magnetization dynamics cover a wide range of phenomena such as magnetization switching, domain wall motion, and
the emergence of magnetic textures (vortices, skyrmions, and merons). Here, we consider the precessional magnetization
dynamics shown in Fig. 2a, in which the motion of magnetic moment around its equilibrium position is described by the
phenomenological Landau–Lifshitz–Gilbert (LLG) equation [109,110]:

dM
dt

= −γM × Heff + αM ×
dM
dt

(1)

where M is the magnetic moment, Heff is the effective field including the external applied DC field, demagnetization
field, exchange field, and anisotropy field. The symbol γ = gµB/h̄ represents the gyromagnetic ratio, and α is the Gilbert
amping parameter. For a free electron g = 2.0023, one has γ = 1.7588 × 107 Hz/Oe. The M × Heff term describes the
ield-like torque that drives the precessional motion of magnetization, while the M×

dM
dt term describes the damping-like

orque, which damps the precession and aligns the spin towards the effective field.
Magnetic resonance in ferromagnetic materials at microwave frequencies is similar to nuclear and electron spin

esonance. The total magnetic moment precesses around the direction of the effective field (Heff) at the Larmor frequency.
The energy of a small transverse microwave field is absorbed when the frequency of the microwave field coincides with the
precession frequency. In this case, the precession angle is maximized, and the material will be able to absorb the maximal
microwave power. The FMR resonance frequency is dependent on the external magnetic field, magnetic anisotropy, and
temperature. This is equivalent to an additional torque exerted on the electron spin, known as the anti-damping-like
torque, which acts in the opposite direction of the damping-like torque.

The details of FMR theory can be found in review articles [61,62,64]. Here, the principle of FMR is presented on an
intuitive level and the discussion is focused on 2D magnets. Fig. 2b shows the typical coordinate system used in FMR
experiments, in which (θ, φ) and (θH , φH ) are the angles for magnetization (M⃗) and applied magnetic field (H⃗) vector in
he spherical coordinates, respectively. As shown in Fig. 2c, the power absorption spectrum is proportional to χ2 while the
ield-modulated FMR spectrum is proportional to dχ2/dH , where χ2 is the imaginary part of the high-frequency magnetic
susceptibility. The field dispersive lineshape [111] is expressed as

dχ2

dH
= Asym

∆H2

(H − Hres)2 +∆H2 + Aasy
∆H2(H −∆H)

(H − Hres)2 +∆H2 (2)

here Hres is the resonance field, ∆H is the linewidth, and Asym and Aasy are symmetric and asymmetric Lorentzian
components, respectively.

2.2. Prototypical FMR techniques

In this review, we focus on three types of FMR techniques: broadband FMR spectroscopy, optical FMR, and spin-torque
FMR.
5
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FMR can be used as a spectroscopy method to gain insight into the magnetization dynamics in magnetic materials.
A broadband FMR spectroscopy setup is shown in Fig. 3a, which typically is comprised of the following equipment:
a controllable DC magnetic field source, such as a physical properties measurement system (PPMS), a radio-frequency
(RF) source to supply the required microwave current, a co-planar waveguide (CPW) to deliver microwaves of different
frequencies to the sample, an RF diode to convert the returned microwave current into a detectable voltage. Fig. 3b shows
the typical measurements performed in the in-plane (IP) and out-of-plane (OOP) configuration when the magnetic field
is applied along the vertical direction in a PPMS setup. Due to the high-frequency nature, it is difficult to detect RF signals
with an adequate signal-to-noise ratio. Therefore, a low-frequency envelope is added to the RF signals, which can be
measured using a lock-in amplifier. The low-frequency envelope can be added either through the RF source itself if it
supports amplitude modulation (AM), which is highlighted in blue in Fig. 3a. It can also be added externally by supplying
an AC signal to a set of Helmholtz coils, which can then modulate the RF current passing through it. This field-modulation
option is highlighted in red in Fig. 3a.

Ferromagnetic resonance can also be detected using a set of established optical techniques including magneto-optical
Faraday effect, magneto-optical Kerr effect, and transient reflectivity. Optical detection of FMR is typically performed by
pump–probe experiments [115–119], which usually consists of ultrafast lasers, well-aligned opto-mechanical delay-line,
high-level vibration control, and balanced detection (see Fig. 3c) [112,120]. As shown in the insets of Fig. 3d, the changes
n the sample’s magnetization can be correlated to the Faraday/Kerr rotation angle via the magneto-optical effect, which is
ominated by the thermalization processes between different energy carriers, namely, electrons, phonons, and magnons.
he Faraday/Kerr signals contain damped oscillating fringes resulting from spin precession, which allows for the analysis
f the spin wave modes and damping constant of magnetic materials. Beyond the thermalization picture, in Section 4,
e will also discuss the ultrafast magnetization dynamics in vdW magnetic systems through non-thermal effects such as

nterlayer charge transfer, orbital transition, and electronic structure change.
Spin-torque ferromagnetic resonance (ST-FMR) uses current-induced spin-torques to induce spin precession [121]. It

sually requires the patterning of a spin–orbit-coupling/ferromagnet (SOC/FM) bilayer sample (see Fig. 3f) to strips of
icrometer scale. Fig. 3a shows the sample configuration with coplanar waveguide patterns for microwave input and
ignal detection [114]. As shown in Fig. 3b, the microwave-induced an oscillating transverse spin current in the SOC
ayer. This spin current is injected into the magnetic layer exciting spin precession and generating an RF anisotropic
agnetoresistance. This magnetoresistance, rectified with the microwave current, generated a DC voltage. The ST-FMR
pectrum can be obtained by sweeping external in-plane magnetic fields through the resonance condition. The ST-FMR
ignal (Vmix) can be fitted to the field-derivative lineshape in Eq. (2). The two vector components of the current-induced
torque, along the in-plane τ∥ ∝ m × (m × σ ) and out-of-plane τ⊥ ∝ m × σ directions (see Fig. 12b), are respectively
obtained from the amplitudes of the symmetric (Asym) and anti-symmetric (Aasy) components of the resonance lineshape.
As a result, the spin Hall angle can be evaluated from the ratio Asym/Aasy:

θSH =
Asym

Aasy
(
eµ0MstFMtSOC

h̄
)[1+

4πMeff

Hext
]
1/2 (3)

where e is the electron charge, µ0 is the permeability of vacuum, Ms is the saturation magnetization, h̄ is the reduced
Planck’s constant, and tFM and tSOC is the thickness of the magnet and SOC layer, respectively.

It is worth noting that the formalism above can be principally applied to the antiferromagnetic states. For example, in a
simple collinear antiferromagnetic configuration, one can consider the precession of two sublattices having opposite mag-
netic moments. Within each sublattice, each spin feels identical anisotropy and exchange interaction. Antiferromagnets
generally have quite high magnetic resonance frequencies, known as antiferromagnetic resonance, whose frequency can
reach up to the sub-THz and THz regimes. The THz magnetization dynamics can be studied using ultrafast magneto-optical
experiments. For 2D magnets with layered antiferromagnetic states, the weak interlayer coupling gives rise to a resonance
frequency within the typical microwave range, which can be investigated using the broadband FMR technique.

3. Broadband FMR investigation of key parameters of magnetic properties

3.1. Magnetic anisotropy

The resonance frequency can be calculated by considering the classical vector of the macroscopic magnetization (M)
and the appropriate free energy density (F ) in the spherical coordinates defined in Fig. 2b [122–125]

ωres =
γ

Msinθ
[
∂2F
∂θ2

∂2F
∂φ2 − (

∂2F
∂θ∂φ

)2]1/2 (4)

where F in an external magnetic field can be evaluated as the sum of exchange interaction, magnetocrystalline anisotropy,
magnetoelastic interaction, demagnetization, Zeeman energy, etc.

In general, the magnet moments in 2D vdW magnets originate from the spin and orbital angular momenta of the
3d or 4f electrons in the transition metal ions, which typically interact with the crystal fields associated with crystalline
symmetries. Therefore, most of the currently known 2D vdWmagnets can be classified into hexagonal, trigonal, tetragonal,
6
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Fig. 3. Prototypical FMR spectroscopy setups. a. Main components of broadband FMR include an RF source, a cryostat, an RF diode, and a lock-in
amplifier. A controllable DC magnetic field is provided by a physical properties measurement system. The amplitude- and field-modulated spectra
are shown in blue and red, respectively. b. Schematic of a co-planar waveguide with a magnetic field applied in the in-plane (IP) and out-of-plane
(OOP) geometry, respectively. c. Layout of an example optical FMR setup. A mode-locked Ti:sapphire laser produces a train of pulses with a duration
of ∼100 fs and a center wavelength of ∼800 nm. A polarizing beam splitter separates the laser into pump and probe beams with orthogonal
polarizations. The pump beam is modulated as a sinusoidal wave by an electro-optical modulator (EOM). A mechanical delay stage varies the optical
path of the pump beam, producing a time separation between the pump excitation and probe sensing. The probe beam is split into two paths
of orthogonal polarizations by a Wollaston prism and the changes in the relative intensities of these two probe paths are detected by a balanced
detector, which is related to the variations in the polarization states. d. Mechanism of spin dynamics with optical excitation. Both the Faraday rotation
(transmission) and the Kerr rotation (reflection) are illustrated, depending on the measurement configuration. Insets show the phenomenological
three-temperature model that considers energy exchange between electrons (Te), phonons (Tp), and magnons (Tm), and the typical pump–probe
ignal as a function of delay time acquired under varying magnetic fields. e. Optical image of the sample geometry including contact pads, with the
ircuit used for ST-FMR measurements. f. Schematic diagram of the SOC/FM bilayer structure and coordinate system. The yellow and red arrows
enote spin moment directions. IRF and HRF represent the applied radio frequency current and the corresponding Oersted field. An external magnetic
ield Bext in the film plane at a φ angle with respect to the current direction. Panels c and d are adapted from Ref. [112]. Panel e is adapted from
ef. [113]. Panel f is adapted from Ref. [114].
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Table 1
The anisotropic part of the free energy density (F ) for different crystal structures of 2D vdW magnets.
Crystal class Typical example 2D magnets Magnetic anisotropy energy

Hexagonal Co MX3 (M = Cr, V, Ni; X = Cl, Br,
I), NPS3 or NPSe3 (N = Mn, Fe,
Ni), Cr2Z2Te6 (Z = Ge, Si).

K2sin2θ+K4sin4θ+K6⊥sin6θ+K6∥sin6θcos6φ+· · ·

Trigonal α-Fe2O3 Fe3GeTe2 , MnBi2Te4 , 2H-VSe2 ,
1T-VSe2 .

K2sin2θ + K41sin4θ + K42sin3θcosθcos3φ +

K61sin6θ + K62sin6θcos6φ + K63sin3θcos3θcos3φ

Tetragonal Ni,Co,Fe/Cu(001) FeTe K2sin2θ + K4⊥sin4θ + K4∥sin4θcos4φ + · · ·

Orthorhombic Fe3O4 VOX2 (X = Cl, Br, I) sin2θ (K1cos2φ + K2sin2φ)+ sin4θ (K3cos2θ +
K4sin2φcos2φ + K5sin4φ)+ · · ·

and orthorhombic lattices. The anisotropic part of the free energy density (F ) for these crystal structures is summarized
n Table 1.

Even though the presence of magnetic anisotropy is not a requisite for the appearance of magnetism in strictly two
imensions as recently demonstrated [41], for device implementation and spintronic applications the characterization of
sizeable magnetic anisotropy becomes a key task. FMR spectroscopy is a valuable tool to accomplish this aim because
he shift in the resonance field of a few Oersted’s can be easily detected, which corresponds to an energy resolution in
he determination of magnetic anisotropy on the order of 0.1 µeV [61].

Chromium trihalides (CrX3, X = Cl, Br, I) represent a prototypical vdW magnet, in which the Cr3+ cations (3d3, S = 3/2)
form a honeycomb structure with the edge-sharing octahedral coordination formed by six halogen anions [128,129]. For
CrCl3, below the magnetic transition temperature (Tc = 17 K), spins in the honeycomb layers are coupled ferromagnetically
and oriented within the ab plane, while spins in neighboring layers are coupled by a weaker antiferromagnetic interaction
[69,130,131]. To determine the details of the magnetic anisotropy in CrCl3, frequency-dependent FMR investigations were
onducted at 100 and 4 K [126]. The resulting frequency-field diagrams are shown in the main panels of Fig. 4a and b
nd exemplary spectra are presented in their insets. At 100 K a linear frequency-field dependence of resonance ν(Hres) is

observed for both orientations of the external magnetic field. Such behavior is expected in the paramagnetic regime of
CrCl3 and can be well described by the standard resonance condition of a paramagnet

ν = gµBµ0Hres/h (5)

where g , µB, µ0 and h denote the g-factor, Bohr’s magneton, vacuum permeability, and Planck’s constant, respectively. Fits
to the data according to Eq. (4) yielded a g-factor with merely small deviation from the free-electron g-factor of 2 as well
as very slight anisotropy. The result is consistent with the expected value for Cr3+ ions and indicates that the magnetism
in CrCl3 is largely dominated by the spin degrees of freedom while the orbital angular momentum is completely quenched.
Consequently, the spin–orbit coupling and intrinsic magnetocrystalline anisotropies are very weak (or even negligible) in
CrCl3, as it was also suggested in the literature [131,132].

In contrast, the data collected at 4 K (see Fig. 4b), i.e., in the magnetically ordered state, shows a clear anisotropy
regarding the two magnetic-field orientations. For H ⊥ c , the resonance positions shift towards smaller magnetic fields
for all measured frequencies, while for H ∥ c , the resonance positions shift to higher magnetic fields. Qualitatively,
such behavior reflects a ferromagnetically ordered system with an easy-plane anisotropy. Quantitatively, the sources of
magnetic anisotropy can be evaluated using the free energy density below

F =− µ0H ·M − KUcos2(θ )

+
1
2
µ0M2

[Nxsin2(θ )cos2(φ)

+ Nysin2(θ )sin2(φ)+ Nzcos2(φ)]

(6)

where the first term is the Zeeman-energy density describing the coupling between the magnetization vector and
the external magnetic field, the second term represents the uniaxial magnetocrystalline anisotropy whose strength is
parameterized by the energy density KU , and the third term is the shape anisotropy energy density which is characterized
by the demagnetization factors Nx, Ny, and Nz . An excellent agreement between this model and the measured resonance
positions can be accomplished by setting KU to zero, indicating the magnetic anisotropy is solely due to the shape
anisotropy caused by long-range dipole–dipole interactions, whereas the intrinsic magnetocrystalline anisotropy can be
neglected. Similar magnetic anisotropy investigation were also performed in the vdW magnet Cr2Ge2Te6 [133].

Comparing with CrCl3, it was concluded that the magnetic anisotropy in CrI3 arises from a dominant uniaxial or single-
on anisotropy [134,135]. However, theoretical proposals and experimental measurements have highlighted the important
ontributions from high-order exchange interactions (e.g., biquadratic) [136,137], the off-diagonal term (Γ ) and Kitaev
nteraction (K ) in the Heisenberg–Kitaev (J−K −Γ ) Hamiltonian [138–141]. The structure of the magnetic anisotropy in
CrI3 can be obtained from angle-dependent FMR by measuring the change of the resonance field as the direction of the
external field (H ) is varied. Fig. 4c shows a representative example of the FMR spectra for different θ at 240 GHz and
0 H

8
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Fig. 4. Frequency dependence of the resonance field Hres at a. 100 K and b. 4 K, respectively. Measurements were carried out with the external
magnetic field applied parallel (red circles) and perpendicular (blue squares) to the crystallographic c axis, respectively. c. Evolution of the FMR
spectra as θH is varied, measured at 240 GHz and 5 K. Each spectrum is offset and scaled moderately for clarity. The same offset is applied for θH
nd 180◦ − θH . ∆HA and ∆HB are two anisotropy features in Hres . ω/γCr denotes the corresponding Hres for a free Cr3+ ion spin. d. Hres vs. θH for
arious temperatures. The solid black lines are fits to the free energy function [Eq. (6)]. e. Temperature dependence of the coefficients Kpq associated
ith the basic anisotropy structures. f. Basic anisotropy structure in terms of the cosines α, β , γ (the projections of the magnetization onto the x,
, z directions). The sizes are rescaled relative to that for αβ + βγ + γα with the indicated magnifications. Red (blue) denotes positive (negative)
alues. Panels a–b are adapted from Ref. [126]. Panels c–f are adapted from Ref. [127].

5 K. Two distinct features are crucial to analyzing the anisotropy: ∆HA is the shift in Hres from the free ion contribution
/γCr, where γCr is the gyromagnetic ratio of Cr3+, and ∆HB is the difference in Hres between θH and 180◦ − θH . Fig. 4d

shows the resonance field H (θ , ω, T ) at varying temperatures. A free energy functional is constructed below to fit the
res H
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ata as shown in the black solid curves in Fig. 4d.

F =− µ0H ·M + 2πM2cos2(θ )+ K21(αβ + βγ + γα)

+ K41(α2β2
+ β2γ 2

+ γ 2α2)+ K42αβγ (α + β + γ )

+ K61α
2β2γ 2

+ K62(α3β3
+ β3γ 3

+ γ 3α3)

+ K63αβγ (α3
+ β3

+ γ 3)

(7)

here the first and second term are Zeeman energy and shape anisotropy, respectively. Kpq are coefficients associated
ith the quadrupole interaction. Remarkably, the high spectroscopic precision of FMR enables the evaluation of the µeV-
cale quadrupole interaction constants. The extracted values of the Kpq and corresponding basic anisotropy structure are
hown in Fig. 4e and f, respectively. The results show that Kitaev interaction is the strongest in CrI3, much larger than
he Heisenberg exchange, and responsible for opening the gap at the Dirac points in the spin-wave dispersion [127].
evertheless, inelastic neutron scattering experiments [142–144] undertaken on bulk CrI3 have pointed out to different
onclusions on the magnitude of the Kitaev term influencing the formation of the Dirac gap. That is, the most updated
alues [144] resulted in negligible contributions of the Heisenberg–Kitaev Hamiltonian and electron correlation effects
o the spin waves and Dirac spin gap in CrI3. The dataset is approximately consistent with a Heisenberg Hamiltonian
ncluding anisotropy, exchange interactions and Dzyaloshinskii–Moriya interaction (DMI) with consideration of both the
axis and in-plane DMI. Additional FMR experiments would be needed to fully address this discrepancy.

.2. Anisotropic g-factor

Understanding the mechanism of ferromagnetism in metals has been a longstanding nontrivial question in a wide
ariety of condensed-matter systems [145–148]. Along with the rapidly growing interest in searching for novel vdW
agnets, one particular issue has been clarifying whether an orbital with magnetic moment should be considered in a

ocalized or itinerant picture because long-range magnetism starting from localized isotropic Heisenberg spins is not
llowed in two dimensions. FenGeTe2 (n = 3, 4, 5) represent a class of metallic vdW ferromagnets with high Curie
emperature [78,80,149,150]. Among them, Fe5GeTe2 has a complex atomic structure with multiple nonequivalent iron
ites [149,151,152]. Recent theoretical calculations have shown that the orbital states associated with the nonequivalent
ron sites have distinct impact on the magnetic ground state [153]. In addition, x-ray magnetic circular dichroism
tudies of elemental selective valence-band electronic and spin states highlight significant ligand states (Ge 4p and Te
p) contribution to the ferromagnetism through hybridization with the Fe 3d orbital [154].
The mixture of orbital momentum and magnetic moment causes the shift of g-factor from the free electron value,

hich may be different along different crystallographic directions, that is, one has to consider a g-tensor. This can
e demonstrated by writing the magnetic moment M = −µB(L + 2S) → gµBS ′, where S ′ is an effective spin. The
ontribution of orbital momentum contained in the g-tensor can be obtained by direct measurements of g-factor using
MR spectroscopy. In the best cases, g-factors of metallic ferromagnets are usually quoted with an error bar of 1% [61].
FMR spectroscopy studies of the magnetization dynamics of Fe5GeTe2 are summarized in Fig. 5a–f [155]. The FMR

pectra for the H ∥ c-axis and H ∥ ab-plane at selected values of temperature are shown in Fig. 5a and b, respectively.
he profiles were fitted to the field-derivative lineshape using Eq. (2) to extract the resonance fields. The microwave
requencies (f ) as a function of extracted resonance fields (Hres) were plotted in Fig. 5c and d. The gyromagnetic ratio (γ )
nd corresponding g-factor, along with the effective magnetization 4πMeff can be obtained by fitting the f vs. Hres data
o the Kittel equations as follows:

H ∥ c : fOOP =
γ

2π
(Hres − 4πMeff)

H ∥ ab : fIP =
γ

2π

√
(Hres + 4πMeff)Hres

(8)

The gyromagnetic ratio and corresponding g-factor for both field orientations are shown in Fig. 5e, revealing an anisotropic
g-factor that, in both cases, deviates from g = 2. The anisotropic g-factor can be interpreted physically: a small orbital
moment arising from reduced crystalline symmetry may lock the large isotropic spin moment into its favorable lattice
orientation through spin–orbit coupling, giving rise to a sizable magnetic anisotropy. Therefore, it is likely that the orbital
moment is closely linked to the magnetocrystalline anisotropy in itinerant ferromagnets.

It is worth noting that an unsaturated magnetization at FMR can also lead to an inaccurate estimation of the
gyromagnetic ratio. The FMR-extracted effective magnetization, which includes the saturation magnetization as well
as the magnetocrystalline anisotropy field Hk can be comparable with the saturation magnetization extracted from the
VSM measurements, as shown in Fig. 5f. To confirm the g-factor anisotropy, FMR measurements at high-frequency and
high-magnetic-field are needed.

Beyond the spin–orbit coupling-induced g-factor shift at zero field, the Nagata theory of anisotropic magnets [156,157]
indicates that a correction of g-factor shift under high-temperature perturbation approximation and in the presence of
finite magnetic field should be considered for the studies of critical phenomena in low-dimensional magnet. Recently,
the temperature dependence of g-factor in ferromagnetic semiconductor CrSiTe has been investigated using broadband
3
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Fig. 5. FMR spectra of Fe5GeTe2 acquired at varying temperatures for a. H ∥ c-axis and b. H ∥ ab-plane. The raw data in f and g are fitted to
field-derivative lineshape using Eq. (2). c. and d. Frequency vs. resonance field at varying temperatures for H ∥ c-axis and H ∥ ab-plane, respectively.
The data points are fitted to corresponding Kittel equations. e. Temperature dependence of the gyromagnetic ratio γ and spectroscopic g-factor for
the H∥c (red) and H∥ab (black) cases, respectively. f. Temperature dependence of saturation magnetization 4πMs and effective magnetization 4πMeff
from VSM and FMR measurements, respectively. g. Illustration of the anisotropic g-factor, the shifts of energy diagrams, as well as the magnetic
torque dynamics around an effective magnetic field in normal and fluctuation states. FMR spectra above the saturation field will give h parallel
straight lines along easy (H ∥ c axis) and hard (H ∥ ab plane) direction for isotropic giso = 2, in contrast to i the unparallel behavior for anisotropic
c > 2 and gab < 2. j. Comparison of the temperature-dependent g-factor extracted from FMR data above saturation field. Calculation of isotropic
omponent giso = 2/3gab + 1/3gc is basically in line with the spin-only value g = 2. k. Angular dependence of the extracted g-factor. The red line
s fitted by g(θH ) = ∆g(3cos2θH − 1) + giso . Inset shows the geometrical configuration of 3D vector FMR experiment. Panels a–f are adapted from
ef. [155]. Panels g–k are adapted from Ref. [84].

hree-dimensional vector-ferromagnetic resonance experiments [84]. The rectangular-shaped sample is placed in a
oplanar waveguide where an alternating magnetic field (Hrf) is applied. In response to scanning a static magnetic field
(H) at the right angle, resonance absorption occurs in the case that h̄ω = gµBH . As shown in Fig. 5g, in the normal state,
he Zeeman splitting (giso = 2) is independent of orientation, and the FMR spectra above the saturation field (Fig. 5h)
ill give parallel straight lines along the easy (H ∥ c-axis) and hard (H ∥ ab-plane) direction. In the fluctuation state,
agata theory indicates the g-factor shift along easy axis ∆gc is twice the value along the hard plane ∆gab. Therefore,
MR spectra above the saturation field (Fig. 5i) will show the upwards- (red) or downwards (blue) shifts of the slopes,
hich clearly indicate the g-factor shift.
As shown in Fig. 5g, the clear downwards- or upwards shifts of the g-factor, with a maximum value at Tc = 34.15

, are observed at varied temperatures. In addition, the cryogenic vector magnet system allows angular dependent
easurements of g-factor at Tc . As shown in Fig. 5h, the (3cos2θH − 1) like angular dependence derived from the
agata theory fits well with the FMR extracted g-factor, where the magic angle with a spin-only g-factor is observed
t θH = 54.74◦. Here, the anisotropic components are taken into account in the spin Hamiltonian of CrSiTe3. In contrast,
rGeTe3 with a similar crystalline structure but quasi-isotropic Heisenberg spin model exhibits a much smaller g-factor
hift. Therefore, the shift of g-factor near the critical temperature in CrSiTe3 is essentially attributed to both the enhanced
agnetic fluctuations and anisotropic spin interactions.

.3. Effect of magnetic domain structures

The broadband FMR experiments can be combined with micromagnetic and atomistic simulations to investigate the
agnetic properties of vdW magnets associated with domain structures. In complement to the microscopy techniques
uch as Lorentz transmission electron microscopy and magneto-optical microscopy, FMR results emphasize on the
ynamical properties which provide essential information for device applications such as magnetic switching, magnon
11
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Fig. 6. The color map of FMR spectra at 10 K for a. CrI3 and b. CrBr3 . The dash lines are fitting curves of the uniform mode (black) and the calculated
curves using multi-domain FMR theory (red and green). The simulated domain structures at 10 K and zero field for c. CrI3 and d. CrBr3 . e. The
llustration of magnetization structures for the stripe domain phase with the in-plane field for the multi-domain FMR calculation. f. The correlation
between the experimental values of fmin and γ /2π

√
HK · 4πM . The solid line is calculated by Eq. (11). The color map of simulated FMR spectra

tilizing the magnetic parameters for g. CrI3 and h. CrBr3 at 10 K.
Source: All panels are adapted from Ref. [158]

excitation, and damping mechanism. An exemplary work is an FMR measurement of magnetization dynamics of CrI3 and
CrBr3 crystals in a broad frequency range of 1–40 GHz and over a wide temperature range of 10–300 K [158].

The color maps in Fig. 6a (CrI3) and b (CrBr3) show that the resonance frequency first decreases with H towards a critic
field Htr, then increases with H at higher field, giving rise to a minimum resonance frequency fmin at Htr. A quantitative
analysis of the FMR features is based on the periodic stripe domain structure which can be reproduced via micromagnetic
(see Fig. 6c and d) and atomistic simulations [136,159]. The sample consists of two sets of domains with equal volume,
and the magnetization in the neighboring domain should have the opposite magnetization component along z-direction,
thus there is no net Mz under the in-plane magnetic field. The free energy density for the multi-domain structure can be
written as

F =−
H ·M

2
(sinθ1sinφ1 + sinθ2sinφ2)

+
Kz

2
(sin2θ1 + sin2θ2)+

4π
2

M2

4
(cosθ1 + cosθ2)2

+
Nx

2
M2

4
(sinθ1cosφ1 − sinθ2cosφ2)2

+
Ny

2
M2

4
(sinθ1sinφ1 − sinθ2sinφ2)2

+
Nz

2
M2

4
(cosθ1 − cosθ2)2

(9)

where M represents the saturation magnetization of material, θ1 and θ2 represent the out-of-plane angles of domain
magnetization, φ1 and φ2 represent the in-plane projection angles of magnetization in each domain, Kz is the perpendicular
agnetic anisotropy energy density. (Nx,Ny,Nz) are the demagnetization parameters of each domain with the relation of
x + Ny + Nz = 4π . Fig. 6e shows that the domain system follows the conditions of θ1 + θ2 = π and φ1 = φ2 = φH . The
esonance frequency f in the multi-domain state depends on the in-plane field angle φH . For φH = 0◦ with H ⊥ strip, the
MR frequency can be described by

f =
γ

2π

√
H(H − HK + 4πM) (10)

nd for φH = 90◦ with H ∥ strip, the FMR frequency can be described by

f =
γ

√
H2

+ 4πM · H2/HK − H2 (11)

2π K
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Fig. 7. a. Schematic of the precession orbits for the two sublattice magnetizations in the optical mode and the acoustic mode. b. Experimental
chematic featuring a coplanar waveguide with a CrCl3 crystal placed over the signal line. H∥ , H⊥ , and Hz are the components of the applied DC
magnetic field. Microwave transmission as a function of frequency and in-plane magnetic field at 1.56 K with the magnetic field applied c. parallel
and d. perpendicular to the in-plane RF field. Two modes are observed in the H∥ configuration: an optical mode that has finite frequency at zero
applied field, and an acoustic mode with frequency proportional to the applied field. Only the acoustic mode is observed in the H⊥ configuration.
Out-of-plane field applied at an angle of e. ψ = 30◦ and f. ψ = 55◦ breaks the symmetry and couples the two modes resulting in tunable gaps.
Source: All panels are adapted from Ref. [160].

The relative angle φH between the stripe domain and the applied field could vary between 0◦ and 90◦, then the
corresponding FMR frequency should vary between the values calculated by Eqs. (9) and (10). As a result, the minimum
FMR frequency fmin is obtained when the field Htr equal to HK

fmin =
γ

2π

√
HK · 4πM (12)

Thus, fmin can be calculated by Eq. (11) with experimentally determined γ , HK , and 4πM , as shown in Fig. 6f. Starting
rom the labyrinth domain structure at 10 K and zero field, field-dependent evolution of domain structures can be
imulated by gradually applying the in-plane field along x-axis. The color maps (Fig. 6g and h) generated from the
imulation agree with the experimental results (Fig. 6a and b) very well. Similar color maps of frequency-dependent
erromagnetic resonance spectra and multi-domain structure have also been demonstrated in Cr2Ge2Te6 [133].

.4. Magnon–magnon coupling

CrI3 and CrCl3 have been shown to be layered antiferromagnetic insulators in their few-layer form, in which spins
ithin each layer have a ferromagnetic nearest-neighbor coupling, whereas spins in adjacent layers have a weak
ntiferromagnetic coupling [40,69,161,162]. Because of the weak interlayer antiferromagnetic coupling in CrCl3 is
ithin the typical microwave range, it allows to excite both acoustic and optical modes (see Fig. 7a) [160]. Magnetic
esonance measurements were carried out by fixing the excitation frequency and sweeping the applied magnetic field (see
xperimental geometry in Fig. 7b). Only one resonance is observed when the DC magnetic field is applied perpendicular
o the RF field (H⊥, see Fig. 7d), but two resonances show up when the DC magnetic field is applied parallel to the RF
ield (H∥, see Fig. 7c). The optical mode and acoustic mode are centered around the frequencies ω± with magnetic field
ependence as follows:

ω+ = µ0γ

√
2HEMs(1−

H2

4H2
E
)

ω− = µ0γ
√
2HE(2HE +Ms)(

H
)

(13)
2HE
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here HE is the interlayer exchange field and Ms is the saturation magnetization. The two modes in Fig. 7a can be fitted
o Eq. (12), which are shown by the dashed lines in Fig. 7c with fit parameters of µ0HE = 105 mT and µ0Ms = 396 mT
t T = 1.56 K. Note that the acoustic mode changes its slope at µ0H ≈ 200 mT. This occurs because the moments of the
wo sublattices are aligned with the applied field when H > 2HE . In this case the crystal behaves as a ferromagnet and
he acoustic mode transforms into uniform ferromagnetic resonance described by the Kittel formula.

When the magnetic field is applied in plane, the system is symmetric under two-fold rotation around the applied field
irection combined with sublattice exchange. This prevents hybridization between the optical and acoustic modes, leading
o a degeneracy where they cross. To break the rotational symmetry, a magnetic field can be applied at a range of angles,
, from the coplanar waveguide. For ψ = 30◦, a gap opens near the crossing point (see Fig. 7e). Increasing the tilt angle
ψ = 55◦) increases the gap size as shown in Fig. 7f until the mode coupling becomes zero again when ψ approaches 90◦.
he strong magnon–magnon coupling in CrCl3 with a large tunable gap up to 1.37 GHz may hold the promise of potential
pplications in magnon–photon, magnon–qubit hybrid quantum systems in a microwave cavity [163–165].

. Optical excitation and detection of magnetization dynamics

The demand for high-speed operation of spintronic devices has triggered an intense search for ways to control
agnetization by ultrafast lasers. In this section, we will discuss laser-induced demagnetization and spin dynamics in
D magnets that are directly related to the thermalization process. Moreover, we will cover the ultrafast magnetization
ynamics through non-thermal effects, which has been demonstrated in a variety of materials [166–172] but remains
ess explored in vdW magnetic systems.

.1. Pump-induced magnetization dynamics

Recently, magnetization dynamics in Cr2Ge2Te6 nanoflakes have been studied by means of a two-color time-resolved
araday rotation with a picosecond time resolution at cryogenic temperature [173]. Below the Curie temperature, a pump
eam of femtosecond pulses intensively heats the ferromagnet to produce instantaneous demagnetization and trigger the
agnetization precession. By monitoring pump-induced magnetization dynamics in an external magnetic field Hext, the
ngular dependence of the precession frequency and the transverse spin relaxation time can be determined.
Fig. 8a plots the pump-induced magnetization dynamics up to 1500 ps for θH = 50◦ at three external fields Hext = 211,

18, and 680 mT. The time resolution of the pump–probe measurements is estimated to be 1.2 ± 0.01 ps (see inset of
ig. 8a). The experimental geometry is schematically described in Fig. 8b. In an equilibrium state, the static magnetization
emains along the total effective field Htot = Heff + Hext. The deviation of magnetization from the easy axis (θM ) thus
eaches θH by increasing Hext. The ultrafast magnetization dynamics can be qualitatively understood by considering a
rastic increase in the spin temperature leading to a reduction of both the magnetization M and the effective magnetic
ield Heff. The total magnetic field (Htot) is modified to tilt the magnetization (M) away from its equilibrium direction.
fter spin cooling of a few picoseconds, M recovers its magnetization saturation value while the electron temperature
ools through phonon emission. The change of magnetization as a function of time delay ∆M(∆t) probed by the Faraday
otation can be phenomenally described as

∆M(∆t) ∼ A0e−δt/τT cos(2π f∆t + φ0)
+ A1e−δt/τp1 + A2e−δt/τp2 (14)

ere, the first term describes the spin-precession dynamics in which A0, τT , f , and φ0 denote the magnetization amplitude,
he transverse spin relaxation time, the precession frequency, and the initial phase, respectively. The second and third
erms describe the magnetization recovery process, where A1 (A2) and τp1 (τp2) are, respectively, the demagnetization
agnitude and the characteristic time constant of a short (long) process. By fitting the experimental data to Eq. (13), one
an obtain the precession frequency, oscillation magnitudes, and magnetization recovery time. The frequency f and the
ransverse spin relaxation rate τ−1

T as a function of the external magnetic field are shown in Fig. 8d and e, respectively.
ll the f vs. Hres can be fitted to a Kittel equation, yielding µ0HK = 125 ± 8 mT and a g-factor of 2.04 ± 0.03. While
−1
T at θH = 60◦ (yellow curve in Fig. 8e) deviates from the rest of the dataset, which is presumably due to the change of
he magnetic structure at such large angle off the surface normal. The readers may refer to Ref. [173] for magnetization
ysteresis loops at varying θH . The magnetization recovery time constants τp1 ≈ 400± 150 ps and τp2 ≈ 8± 2 ns, which
re similar for different Hext. The two relaxation processes are quite likely related to energy relaxation by optical and
coustic phonons in semiconductor structures at low temperatures. In addition, Fig. 8f plots the corresponding θM as a
unction of the external magnetic field, which is consistent with the scenario described in 8b, i.e., θM increases to θH upon
ncreasing Hext.

By combining the LLG equation and the Kittel formula, the effective damping coefficient αeff is given by the relation

αeff =
2

γ τT (H1 + H2)
(15)

Fig. 8c shows αeff as a function of frequency f , which is obtained by using τT and θM to determine H1 = Hextcos(θM −

) + H cos2θ and H = H cos(θ − θ ) + H cos(2θ ). The effective damping coefficient clearly decreases with
H K M 2 res M H K M

14
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Fig. 8. a. Normalized magnetization dynamics due to laser heating in Cr2Ge2Te6 for selected Hext (211, 418, and 680 mT) at θH = 50◦ . Solid lines
re fits to Eq. (13) and dashed lines are baselines in the absence of pumping. Inset: Magnetization dynamics (markers) and cumulative Gauss fit
line) in the first 10 ps (left axis). Dashed line (right axis) is the differential curve of the fit, which gives a time resolution of 1.2 ± 0.01 ps. b.
chematic of the experimental geometry. The sample normal is rotated through the angle θH with respect to Hext , which is always perpendicular
o the optical axis. The angle θM denotes the magnetization that deviates from the easy axis. c. Effective damping αeff calculated from τT , H1 , and
2 vs. precession frequency f at varied θH (markers). Solid lines are fits to Eq. (14). d. Precession frequency (f ), e. transverse spin relaxation rate
τ−1
T ), and f. equilibrium angle (θM ) as a function of Hext at changing θH of 30◦ , 40◦ , 50◦ , and 60◦ . Markers denote experimental data and solid lines
re fitted to the Kittel equation. g. Kerr rotation as a function of pump–probe delay time in bilayer CrI3 under different in-plane magnetic fields
nd h. corresponding fast Fourier transform (FFT) spectra after the removal of the demagnetization dynamics (exponential decay). The curves are
ertically displaced for clarity. i. Frequency and j. damping rates of high energy (ωh) and low energy (ωl) modes as a function of in-plane magnetic
ield. Dashed lines in g are fits to the LLG equation. Inset of i shows the spin precession eigenmodes of ωh and ωl under an in-plane field (y axis).
he vertical dotted lines in i and j indicate the in-plane saturation field from the fits to the LLG equation. Panels a–f are adapted from Ref. [173].
anels g–j are adapted from Ref. [174].
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ncreasing precession frequency and approaches a constant value. It can be analytically decomposed into an intrinsic
amping coefficient (α0) and an extrinsic damping (αext). The former is considered to be independent of the external
ield, while the latter is due to inhomogeneous broadening and depends on f . Here, α0 = 0.006 ± 0.002 for Cr2Ge2Te6
s lower than that measured for many ferromagnetic materials with perpendicular magnetic anisotropy [175]. Since
r2Ge2Te6 is a semiconductor, this result may be qualitatively understood by considering two facts that are mostly absent
n metallic ferromagnets. First, the deviation of the g-factor of 2.04 ± 0.03 from the free-electron value g = 2 indicates a
iny orbital contribution to the magnetization. This points to a weak spin–orbit interaction, which induces spin–phonon
cattering and thereby strongly suppresses the transverse magnetization relaxation [176]. In addition, spin relaxation due
o electron–electron scatterings may be highly suppressed in this layered Cr2Ge2Te6. In contrast, the overall αeff obtained
n the itinerant ferromagnet Fe3GeTe2 via electron spin resonance is large with an average value of about 0.58 [177].
t is worth noting that even though the laser-induced thermalization can satisfactorily fit the spin relaxation data, this
icture based on metallic materials [178] may not apply to the semiconducting Cr2Ge2Te6 with a sizable band gap of
0.2 eV [179–181]. While the electronic structure of Cr2Ge2Te6 is known to be complicated with defect-induced in-gap
tates [182], the underlying mechanism of the pump-induced magnetization dynamics demands further studies.
Besides the thermalization effect, the pump-induced magnetization dynamics can be realized through exciton disso-

iation and charge transfer. In a bilayer CrI3-monolayer WSe2 heterostructure with type-II band alignment, the optical
umping generates exciton in WSe2, followed by ultrafast exciton dissociation and charge transfer at the interface. This
rocess leads to an impulsive perturbation to the magnetic interactions in CrI3 by the hot carriers [174]. The magnetization
ynamics in CrI3 has been studied using an ultrafast optical pump/magneto-optical Kerr probe technique [174]. Fig. 8e
hows the time evolution of the pump-induced Kerr rotation of bilayer CrI3 under an in-plane magnetic field in the
ange 0–6 T. For all the fields, the MOKE signal shows a sudden change at time zero, followed by an exponential decay
n the scale of tens to hundreds of picoseconds. This reflects the incoherent demagnetization process, in which the
agnetic order is disturbed instantaneously by the pump pulse and slowly goes back to equilibrium. The frequency
f the oscillations can be extracted by fast Fourier transform (FFT, see Fig. 8f) of the time traces after subtraction of
he exponentially decaying demagnetization dynamics. As shown in Fig. 8g, a high-energy (ωh) and a low-energy (ωl)
ode are identified, which are attributed to the two spin-wave eigenmodes (see inset of Fig. 8i) associated with the
ntiferromagnetic bilayer. Below about 3.3 T, the two initially degenerate modes split. Although both modes soften with
ncreasing field, ωl drops nearly to zero frequency. Above 3.3 T, both modes show a linear increase in frequency with a
lope equal to the electron gyromagnetic ratio (γ /2π = 28 GHz/T). The latter is a characteristic of ferromagnetic resonance
n high fields and 3.3 T is a saturation field that is required to fully align the magnetization in-plane. The field-dependence
f the spin-wave dynamics can be fully modeled by the coupled LLG equations (see dashed lines in Fig. 8g). Here, the low-
nergy mode ωl corresponds to the net moment oscillations along the applied field (the y axis). It drops to zero at the
aturation field. The high-energy mode ωh corresponds to the net moment oscillations in the x–z plane. Moreover, the
amping rate can be evaluated using (2π/ωτ ), where τ is the spin-wave dephasing time. As shown in Fig. 8h, the damping
s higher below and near saturation. In this regime, the mode frequencies are strongly dependent on internal magnetic
nteractions, which are sensitive to local inhomogeneity. The exciton dissociation and charge transfer picture is further
upported by the control experiment where the spin-wave amplitude strongly depends on the pump wavelength [174].
n addition to the exciton physics, this vdW heterostructure exhibits excellent tunability. It has been shown in a dual-gate
evice that the spin wave frequency can be controlled by electrostatic gating [174].

.2. Non-equilibrium spin dynamics near the magnetic critical point

The ultrafast spin dynamics near a magnetic critical point is a challenging problem [183–185]. Understanding such
onequilibrium magnetization dynamics will provide important insights into the spin relaxation mechanisms in the
aterials. Pump–probe magneto-optical spectroscopy has been employed to address this question in atomically thin
ePS3 near its antiferromagnetic critical point [186]. As shown in Fig. 9a, FePS3 sample is optically pumped above its
andgap by ∼3 eV photons, creating instantaneous heating by generating hot electrons and phonons. The subsequent
ime evolution of the linear birefringence is measured by the polarization rotation (δϕ) of the time-delayed pulse below
he band gap at ∼1.6 eV. Fig. 9b shows the time evolution of δϕ for three different incident probe polarization angles θ .
he pump-induced rotation δϕ shows opposite signs for θ = ± 45◦. No signal is observed when the probe polarization
s aligned with the principal axes (θ = 0◦ or 90◦). These observations are consistent with pump-induced heating and
emagnetization in FePS3. In this picture, the pump light heats up the sample and weakens the antiferromagnetic order,
hich results in a reduction of the linear birefringence and gives rise to a sin2θ dependence of δϕ (see inset of Fig. 9b).
he thermal-induced demagnetization is further supported by the temperature dependence (see Fig. 9c) of the maximum
ϕ, which reflects the deduction of AF order after the pulse excitation. The temperature dependence of δϕ peaks at TN ,
t which the magnetic order is most sensitive to small perturbations. The optical pump instantaneously heats up the
ample by ∆T and changes the optical anisotropy, which can be characterized by the temperature derivative of the linear
irefringence (dLB/dT, blue dashed curve in Fig. 9c).
Remarkably, there is an evident slowdown near TN in demagnetization. Fig. 9d shows the temporal evolution of δϕ

maximum value normalized to 1 for comparison) at three different temperatures. The initial rise in δϕ corresponds to
he demagnetization process induced by optical pumping. The subsequent decay is a slow recovery. By fitting the initial
16
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Fig. 9. a. Schematics of the pump–probe setup with normal incidence geometry. Pump-induced change in the linear birefringence at 1.6 eV is detected
y the polarization rotation angle δϕ of the time-delayed probe beam. b. Time-resolved optical rotation of the probe beam for incident polarization

angle of the probe beam θ = +45◦ (blue), 0◦ (black), and −45◦ (red). The angle θ is measured from the principal axis of maximum/minimum
reflectance. The inset shows that δϕ at 50 ps time delay follows the sin2θ dependence. The measurement temperature is 105 K, near the Neél
temperature (TN). c. The maximum probe beam rotation δϕ (θ = 45◦) as a function of the sample temperature. For comparison, the blue dashed line
is the temperature derivative of the linear birefringence (LB). d. Time-resolved optical rotation of the probe beam δϕ at +45◦ incident polarization
t 30, 105, and 108 K. e. Extracted rise time as a function of temperature. The solid lines are fits using the power-law dependence on the reduced
emperature. f. Fitted decay time as a function of temperature. The vertical dashed lines in Panels c, e, and f mark the TN .
Source: All panels are adapted from Ref. [186].

rise by exponential growths and the slow recovery by an exponential decay, the obtained temperature dependence of the
characteristic rise time τr (the demagnetization time) and the decay time τd are plotted in Fig. 9e, f, respectively. While
he increase in decay time near TN can be attributed to the slower thermal relaxation, the divergent rise time τr directly
anifests the criticality at the phase transition point [187,188]. The temperature dependence of rise time can be fitted
y a power-law τr ∝ |T/TN − 1|−m and obtain an exponent m ≈ 1.7± 0.3 for T < TN and m ≈ 1.1± 0.3 for T > TN for
he 10-layer sample. The different exponent for T < TN and T > TN is attributed to the lack of long-range AF order and
he emergence of nanoscale domains immediately above TN .

The extracted m ≈ 1.7±0.3 for 10-layer FePS3 samples is in reasonable agreement with the expected correlation time
xponent of ∼2.1 for a 2D Ising antiferromagnet [189]. However, the observed decrease in m with decreasing sample
hickness (inset of Fig. 9e) cannot be explained by the critical slowing down picture: thinner samples are closer to the ideal
D limit so that a largermwould be expected. This is because the calculated critical slowing down arises from spontaneous
pin fluctuations in thermal equilibrium near the critical point, while optical pumping in this experiment brings the system
ut of equilibrium. In this process, spin relaxation through coupling to other degrees of freedom (e.g., phonons) becomes
mportant and is beyond the theory of critical slowing down. Further investigation of spin-lattice coupling is recently
eported in the XXZ-type vdW antiferromagnet CoPS3 [190].

.3. Light control of magnetism

The intimate connection between long-range magnetic order, low dimensionality, and the search for energy-efficient
riving forces for the magnetic control of 2D vdWmaterials raised a fundamental question: How can we tune the magnetic
eatures of 2D vdW magnets via laser-probes? It has been previously demonstrated that short laser excitations can control
he magnetic features of thin films included in all-optical switching (AOS) devices [115,193]. Such approach provides a
easible pathway for energy-efficient, faster, and low-power magneto-optical implementations as achieved on different
on-vdW compounds [193–196]. Moreover, AOS offers a broad range of applications on data memory technologies [115],
nd its integration in spintronics would pave the way to the emerging field of ultrafast spin-optronic devices. In this
17
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Fig. 10. a. Left: Optical absorption spectrum of NiPS3 displaying the 3A2g →
3T2g and 3A2g →

3T1g absorption bands due to the d − d orbital
resonances of Ni2+ ions (in pink and red, respectively) and the onset of the above bandgap absorption due to Ni-S charge transfer transitions (black
band). Right: Experimentally detected polarization rotation signal θ as a function of the delay time ∆t after excitation with pump pulses at photon
energies of 1.8 eV (red), 1.0 eV (pink), and 0.8 eV (blue), respectively. b. and c. Frequency (left axis) and damping factor α (right axis) of the coherent
oscillations corresponding to the modes of f1 (pink) and f2 (blue). The solid curves represent the best fit of (TN − T )β , which gives TN = 155 K
and β = 0.23, and a linear function to the frequency data. d. and e. Schematics of the in-plane and out-of-plane magnon modes. f. Schematic of
the laser-excited density of states (DOS) in few-layered Fe3GeTe2 thin films. The photon energy of 3.1 eV causes electron transitions (vertical blue
arrows) from occupied states below the Fermi level EF to the unoccupied states above EF . The simplified DOS diagram is derived from the calculated
DOS of the single-layer Fe3GeTe2 in Ref. [34], where the exchange splitting is estimated to be ∼1 eV. g. Excitation fluence dependent ferromagnetism
in 7 layers Fe3GeTe2 films induced and detected by the femtosecond pulsed laser in magneto-optical Kerr effect measurements. Extracted values of
the saturated Kerr rotations (h) and coercivities (i) of seven-, four-, and two-layer Fe3GeTe2 films as a function of the excitation fluence. The dashed
curves are guide to the eyes. Panels a–e are adapted from Ref. [191]. Panels f–i are adapted from Ref. [192].

context, optical pumping of the electronic transitions toward the higher-level orbital states, that is, orbital resonances
provides the most direct access to the admixing and subsequent control of important magnetic properties, such as the
magnetic anisotropy [191].

Optical control of magnetism has been demonstrated in a few materials such as CrI3[197], CrCl3[198], CrGeTe3[199,200]
and NiPS3[191], which is a vdW layered magnet with XY-type antiferromagnetism. As shown in Fig. 10a, the orbital
resonances in NiPS3 correspond to a pair of d− d transitions 3A2g →

3T1g (1.73 eV) and 3A2g →
3T2g (1.07 eV) emerging

within the 3F ground state multiplet of the Ni2+ ion split by the octahedral crystal field. By pumping the sample at 10
K, well below TN using linearly polarized ultrashort pulses, the time-resolved polarization rotation θ reveals a notable
sensitivity to the photon energy of the excitation. When excited at the 3A2g →

3T2g resonance (hν = 1.0 eV), θ displays a
damped oscillation as a function of the pump–probe time delay ∆t , with a frequency of f1 = 0.30 THz. No coherent
oscillations were observed when excited at the 3A2g →

3T1g resonance (hν = 1.8 eV). Detuning the photon energy
below the absorption lines of the resonances (hν = 0.8 eV) reveals another higher-frequency mode at f2 = 0.92 THz.
The frequencies of f1,2 have no match in the phonon spectrum of NiPS3 [201], indicating their magnetic origin. On the
ther hand, the excitation of f1 mode shows pronounced resonance with the 3A2g →

3T2g transition, while f2 mode exhibits
the off-resonant character as it can be excited in a broad window of optical pumping.
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The temperature dependence of the f1,2 modes further evidences their sensitivity to the magnetic ordering. As
temperature increases towards TN, the frequency of f1 mode shows critical softening that can be fitted to a power law
(TN−T )β (see Fig. 10b), with TN = 155 K and a critical exponent β = 0.23. The values of TN and β match with the literature
data remarkably well [202,203]. In contrast, the softening of f2 mode is linear with an extrapolation of complete softening
at 170 K. Based on a phenomenological model, two magnon modes are expected in a compensated antiferromagnet.
The frequency of f1 mode agrees well with the in-plane magnon (f∥ = 280 GHz, see Fig. 10d) with a 2D critical scaling.
Presumably, the higher-frequency oscillation at f2 can be assigned to the out-of-plane magnon (f⊥, see Fig. 10e). However,
these assumptions do not agree with the recently reported values for the zone-center magnons at the significantly higher
frequencies of 1.69 [204] and 2.4 THz [205]. Time-resolved measurements in higher magnetic fields are required to
unambiguously establish the origin of the coherent mode f2.

Magnetization and magnetic anisotropy can also be tuned via tailoring the electronic structure. The itinerant magnetic
order in Fe3GeTe2 was demonstrated to satisfy the Stoner criteria ID(EF ) > 1, where I is the Stoner parameter, describing
the exchange energy between electrons with up and down spins and D(EF ) represents the density of states near the Fermi
level [206,207]. Fig. 10(f) shows a simplified density of states diagram of the few-layered Fe3GeTe2 films, which is derived
from the calculated DOS of single-layer Fe3GeTe2 [206]. The schematic DOS is composed of 3d electrons (green lines)
that mainly provide the magnetic moments. After excitations by femtosecond laser pulses with 3.1 eV photon energy,
the majority (red) and minority electrons (gray) below EF are excited to the unoccupied states, leaving excited holes
near EF . The redistributed electronic states would shift EF down to E ′F (black dashed line), thus enhancing the DOS near
the Fermi level. This leads to the Stoner instability and thus strengthens the ferromagnetic order that manifested as the
enhancement of TC [192].

In Fig. 10g, under excitations of femtosecond laser pulses, the Kerr rotations (θ ) of seven-layer Fe3GeTe2 samples
show clear magnetic hysteresis loops at room temperature under out-of-plane magnetic field. By increasing the excitation
intensity from 100 to 800 µW, the hysteresis loops are significantly modified with distinct variations of both Kerr rotations
and coercivities (HC ). As the intrinsic TC of the seven-layer Fe3GeTe2 is ∼200 K, the obtained magnetic hysteresis loops
at room temperature demonstrate the emergence of room-temperature ferromagnetism. The extracted saturated Kerr
rotations and coercivities of the hysteresis loops of Fe3GeTe2 samples with different thicknesses are summarized in
Fig. 10h and i, respectively, as a function of the laser fluence. For all three different layer Fe3GeTe2 samples, the saturation
magnetization characterized by the saturated Kerr rotations increases with laser fluence, which is consistent with the
enlarged difference between the majority and minority electron density upon optical excitation. The easy axis coercivity
in Fe3GeTe2 is expected to be proportional to the perpendicular magnetic anisotropy. The decreasing magnetic anisotropy
under optical excitations is attributed to the shift of the spin–orbital-coupling-induced bands away from the Fermi level,
which echoes the suppression of magnetic anisotropy in Fe3−xGeTe2 caused by the hole doping [208].

4.4. Collective excitations

Collective excitations are ubiquitous in condensed matter. Their existence in magnetic materials gives rise to intriguing
light–matter interactions. Driving the collective excitations with light thus offers a promising platform for realizing
unconventional many-body phenomena and phases.

Atomically thin flakes of CrSBr maintain the bulk magnetic structure down to the ferromagnetic monolayer with a
Curie temperature TC = 146 K and to the antiferromagnetic bilayer with a Néel temperature TN = 140 K [211]. CrSBr is
also a direct-gap semiconductor down to the monolayer, with an electronic gap of 1.5 eV and an excitonic gap of 1.34 eV
[212]. The coexistence of both magnetic and semiconducting properties implies that a spin wave may coherently modulate
the electronic structure. As a result, such exciton–magnon coupling allows the launch and detection of spin waves from
strong absorption, emission, or reflection of light in the energy range corresponding to excitonic transitions. Here, we
clarify that distinct from the exciton–magnon coupling in CrSBr, the term ‘‘exciton-magnon’’ in the literature [213–
216] specifically describes the magnon-induced electric dipole transition at the ion site in a magnetic material. Recently,
such exciton–magnon transition is shown to be responsible for the photo-induced magnetoelastic interaction [217] and
magnetoelectricity [218]. Remarkably, in vdW correlated insulator NiPS3, spin–orbit-entangled exciton transition leads
to a transient metallic state that preserves long-range antiferromagnetism [219].

Based on first-order perturbation theory, the shift in the exciton energy (∆Eex) owing to changes in the interlayer
electron-exchange interaction can be evaluated by∆Eex ∝ cos2(θ/2) where θ is the angle between the magnetic moments
in neighboring layers [220]. In the AFM state (θ = π ), the interlayer hybridization is spin forbidden and ∆Eex = 0; in the
FM state (θ = 0), the interlayer electron-exchange interaction is the greatest and∆Eex is−20 meV [220]. The dependence
of ∆Eex on θ is the basis for exciton sensing of coherent spin waves [209].

To investigate the dynamical change in ∆Eex, CrSBr is excited by a femtosecond laser pulse with above-gap photon
energy (hν1 = 1.7 eV) and the change in reflectance at a variable time delay (∆t) is measured by a broadband probe
pulse (hν2 = 1.3–1.4 eV) [209]. As shown by the static reflectance spectrum in Fig. 11a, the peaks in ∆R/R correspond
to excitonic transitions. Upon photoexcitation, the strong oscillatory components in Fig. 11b come from the coherent
magnons and the coupling between excitons and coherent magnons is revealed by clear π-phase flips of the oscillatory
signal at the excitonic transitions [221,222]. The frequencies of the coherent magnons can be determined by an FFT of the
oscillatory signal, yielding ν = 24.6±0.7 GHz and ν = 34±1 GHz (see inset of Fig. 11c for a typical FFT spectrum
mag1 mag2
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Fig. 11. a. Reflectance (R) from CrSBr normalized to that of the SiO2 substrate (R0). b. Transient reflectance spectra ∆R/R as a function of pump–probe
delay (∆t) and probe photon energy (hν). An incoherent background has been subtracted from ∆R/R. The pseudo-color scale is ∆R/R, where R is
reflectance without pump and ∆R is the pump-induced change in reflectance. c. The two spin-wave frequencies are shown as a function of sample
temperature below TN . The inset is the probe hν-integrated FFT trace showing the two peaks at 24 GHz and 34 GHz at 5 K. d. Magnetic resonance
spectra at the indicated frequencies (5–21 GHz) from a bulk CrSBr crystal at T = 5 K, with the magnetic field applied along the c axis. The spectra are
offset for clarity. e. Peak resonance frequencies as a function of magnetic field (symbols). The solid curves are dispersion fits from linear spin-wave
theory. f. Transient rotation of the polarization measured from an exfoliated FePS3 flake at 10 K for different pump photon energies. The pump
and probe beams were linearly polarized 45◦ away from each other. The pump fluence is kept constant at 2 mJ cm−2 for pump photon energy
below the band gap and to 1 mJ cm−2 for pump photon energy above the band gap. g. Amplitude of the 3.2 THz (purple) and the 4.8 THz (orange)
phonon modes as a function of the pump photon energy. h. Schematic representation of the Fe-ions lattice in FePS3 , forming a magnetic zig-zag
pattern. The arrows indicate exemplarily the motion of the ions in the Raman-active phonon mode of 3.2 THz. i. Amplitude of the 3.2 THz mode as
a function of the sample temperature. j. Fast Fourier transformation of the extended time-traces with the absence of an external field (green) and at
9 T (blue). PML labels the peak of the lower branch of the phonon–magnon mode, which corresponds to the 3.2 THz phonon when no external field
is applied. The peak labeled PMU is the upper branch phonon–magnon mode, appearing at 9 T. The other peak corresponds to the 4.8 THz phonon
mode, which is unaffected by the external magnetic field. The inset shows the frequency shift of the PML mode caused by the phonon–magnon
hybridization. Panels a–d are adapted from Ref. [209]. Panels f–j are adapted from Ref. [210].
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t T = 5 K). With increasing temperature, the magnetic order decreases and this results in lowering of the spin-wave
requencies (Fig. 11c). Around TN , both νmag1 and νmag2 approach zero. The temperature dependence of νmag1 and νmag2
closely follows that of the magnetic-order parameter [211].

The assignments of coherent magnon modes from excitonic sensing are supported by magnetic resonance spectroscopy.
Fig. 11d shows a series of magnetic resonance spectra at selected microwave frequencies (ν = 5–21 GHz) for bulk CrSBr
at T = 5 K. The spectra reveal a single resonance in the low-frequency (≤18 GHz) region and two resonances in the
high-frequency (>22 GHz) region. As shown in Fig. 11e, the peak frequencies of the resonances are plotted as a function
of the magnetic field applied along the c axis (B0). For B0 smaller than a saturation field (Bsat ≈ 1.7 T), two branches of
magnons are observed whose frequencies decrease with increasing B0, consistent with the reduction in AFM order as spins
are progressively canted away from the easy b axis. The frequencies of these two branches are assigned to the in-phase
(νIP) and out-of-phase (νOP) spin precessions, similar to those observed in the 2D AFM materials of chromium chloride
and chromium iodide [160,174]. Above Bsat, the spins are fully polarized parallel to B0, and νmag increases linearly with
B0, which is expected for a ferromagnetic resonance. The magnetic resonance spectroscopy data can be fitted to a linear
spin-wave theory (solid curves in Fig. 11e) [223].

The laser-driven THz phonon hybridized with a magnon mode is reported in the antiferromagnetic vdW semiconductor
FePS3 [210]. Fig. 11f shows the transient polarization rotation measured with different pump photon energies with
sample temperature at 10 K, well below TN = 118 K. The Fourier transform reveals a superposition of two coherent
oscillations with frequencies of 3.2 THz and 4.8 THz, which match the eigenfrequencies of Raman-active optical phonons
reported in the literature [42,47,224,225]. The coherent oscillations can be ascribed to changes in either the linear
crystallographic birefringence or dichroism, induced by the phonon-modulated magnetic zigzag pattern (see Fig. 11h).
The spectral dependence of the phonon amplitude is summarized in Fig. 11g. The extracted amplitude of the phonon
modes increases in the presence of electronic transitions, i.e., in the region ∼1.1 eV (d–d transitions) and then above
1.5 eV (the energy of the band gap), where a steep slope related to the onset of the band-gap is observed. The phonon
modes can be induced and detected only in the presence of the long-range antiferromagnetic order. Fig. 11i shows the
temperature dependence of the amplitude of the 3.2 THz phonon mode, which vanishes above the Néel temperature.

By applying an external magnetic field up to 9 T, the 3.2 THz phonon hybridizes to a zone-center magnon. In the 9
T data shown in Fig. 11j, the original 3.2 THz mode shift towards lower frequency, and a new mode appears at 3.42
THz. These observations can be explained by considering that, in the presence of an external magnetic field, the phonon
mode at 3.2 THz hybridizes with a magnon mode with an eigenfrequency of 3.6 THz at 0 T [47,225] giving rise to two
phonon–magnon branches [226–228]: the phonon–magnon lower branch (PML) and the phonon–magnon upper branch
(PMU).

5. Current-induced spin-torque resonance

Spin current injected into a ferromagnetic material produces a spin-transfer torque (STT) [229], which is essential
for low-power manipulation of magnetization in spintronic devices, such as magnetic random-access memory, race-track
memory, and logic circuit [230–235]. Recently, many studies have been reported on the STT of spin currents generated by
the spin Hall effect [236–240] and the Rashba–Edelstein effect [241–243], where momentum locking due to spin–orbit
coupling (SOC) plays a significant role in the spin-current generation [244]. In particular, the emergence of vdW magnets
has stimulated growing interest in the exotic spin transport phenomena in spintronic devices. One of the major tasks of
these studies is to evaluate the spin Hall angle, which represents the conversion ratio of the generated spin current to
the injected charge current [245,246].

ST-FMR has been employed to study the proximity effect in a device that consists of a Fe3GeTe2 (FGT) flake and Ni thin
films [113]. Fig. 12c shows the typical ST-FMR spectra recorded from three series of devices: Ni, monolayer-FGT/Ni and
bilayer-FGT/Ni. The symmetric components of these spectra are close to zero, indicating the negligible spin–orbit torques
induced by Au contact pads. The spectra demonstrate the modulation of Ni magnetism by FGT, evident by the increasing
resonance field (Hres) and linewidth (∆H) when Ni is integrated with monolayer and bilayer FGT. Hres as a function of
frequency are shown in Fig. 12d. Based on the fitting to a Kittel equation, one can identify a decreasing Meff going from
the Ni device to the monolayer-FGT/Ni and bilayer-FGT/Ni devices. The decreased Meff value in FGT/Ni may be attributed
to the increase of the perpendicular magnetic anisotropy (PMA) in Ni. Apart from the interfacial d–d hybridization, the
increased PMA of Ni may be associated with the interlayer magnetic exchange coupling between the Fe and Ni atoms.

Moreover, the FGT interface also leads to enhanced magnetic damping in Ni, as indicated by the frequency dependence
of and ∆H shown in Fig. 12e. The frequency-dependent linewidths can be well fitted using

∆H = ∆H0 +
4πα
γ

f (16)

here ∆H0 is the linewidth at zero frequency determined by inhomogeneous broadening, and α is the Gilbert damping
f Ni. The increased inhomogeneous broadening may result from interfacial magnetic coupling, which gives rise to the
nhomogeneous magnetization texture [113,248]. The enhanced Gilbert damping suggests additional loss of the spin
ngular momentum, which may be attributed to the spin pumping effect and the exchange coupling between the Fe and
i atoms.
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Fig. 12. a. Typical ST-FMR spectra of Ni (blue), monolayer-FGT/Ni (green) and bilayer-FGT/Ni (red) recorded at 4 GHz at room temperature. Frequency
ependence of b. the resonance field and c. the linewidth of these devices. d. The ST-FMR signal of an FCGT/Co0.9 Fe0.1 sample at 5.5 GHz, 18 dBm.
he solid lines are fits that show the symmetric (orange) and antisymmetric (yellow) Lorentzian contribution. e. ST-FMR frequency as a function of
esonance field; the blue (15 dBm) and green (18 dBm) line is a fit to the Kittel formula. f. Charge to spin conversion coefficient (ξ ) as a function
f frequency at 15 and 18 dBm. Panels a–c are adapted from Ref. [113]. Panels d–f are adapted from Ref. [247].

Another significant work is ST-FMR measurements of (Fe0.5Co0.5)5GeTe2 (FCGT, 21 nm, ∼11 unit cells) on Co0.9 Fe0.1
12 nm) [247]. AA′-stacked FCGT is a wurtzite-structure polar magnetic metal (Tc ∼ 350 K) with broken spatial inversion
nd time reversal symmetries. It exhibits a Néel-type skyrmion lattice as well as a Rashba–Edelstein effect at room
emperature. A typical ST-FMR signal for an AA′-FCGT/Co0.9 Fe0.1 is shown in Fig. 12f. The spectrum can be fitted well
o a sum of symmetric and asymmetric components, and ST-FMR frequency as a function of resonant field (see Fig. 12g)
s in good agreement with the Kittel formula. The charge-to-spin conversion coefficient (ξ ), represented by θSH in Eq. (15),
s a function of frequency is essentially constant, as shown in Fig. 12h. The average ξ of the AA′-FCGT/Co0.9 Fe0.1 system
s ∼ 0.017± 0.003 nm−1. The ST-FMR signal of the AA′-FCGT/Co0.9 Fe0.1 sample may originate from the Rashba–Edelstein
ffect of the Te/Co0.9 Fe0.1 interface or the spin Hall effect from the AA′-FCGT system. Even though the second-harmonic
all signal was observed in the single-layer AA′-FCGT, more approaches are still needed to distinguish the contributions
f the ST-FMR signal in detail in future work.

. Recent advances in FMR techniques

Despite the unique capabilities of the broadband FMR, optical FMR, and spin-torque FMR techniques as summarized
n Table 2, each technique has its limitations. Therefore, we provide the caveats as follows when studying spin dynamics
sing these techniques. The sensitivity of broadband FMR is typically limited by the size of the antenna. This technique
hus is more effective when probing the large-size thin films of vdW materials in comparison with the exfoliated
lakes. The optical FMR requires synchronization with microwave signals which demands an elaborate setup of optical
omponents. In addition, it faces challenges when measuring samples with a weak magneto-optical effect. The spin-torque
MR experiments entail a complex and intricate fabrication process, which hinders its scalability and practicality for
igh-throughput measurements.
Looking forward, we envision many emergent spin dynamics probes will be applied to study 2D vdW magnets.

ere, we highlight several recent technical advances in probing phase-resolved magnetic dynamics, magnon–phonon
ybridization, local probe of spin transport, and element-specific magnetization dynamics. In addition to unraveling
undamental properties, these techniques involving fiber-based magneto-optical detection, superconducting resonator,
nd nitrogen-vacancy magnetometry also represent promising applications in hybrid quantum magnonic devices and
uantum sensing.
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Table 2
Comparison between different FMR techniques and methodologies.
Technique Spin excitation methods Detection methods Sample requirements Unique capabilities

Broadband FMR Microwave injected
through co-planar
waveguide

Microwave absorption Bulk crystals, thin films It has high flexibility and is
compatible with cavity resonator
to enhance the sensitivity

Optical FMR Optical pump using
ultrafast laser pulses

Magneto-optical
Faraday/Kerr effect,
transient reflectivity,
x-ray magnetic circular
dichroism

Bulk crystals, thin films,
exfoliated thin flakes

It has spatial resolution for
mapping domain structures and
time-resolution for measuring
spin relaxation time.

Spin-torque FMR Microwave current
injected through on-chip
coplanar waveguide
pattern

DC voltage generated
from the rectification
between AC current and
resistance oscillation

Heavy metal/ferromagnet
bilayer structures,
exfoliated thin flakes,

It provides direct access to the
spin-torque induced spin-charge
conversion

Fig. 13. a. Schematic of the optical detection of phase-resolved magnetization dynamics setup. After the rf splitter, the optical path (upper part)
contains amplifier, 1550-nm infrared laser module, electro-optic modulator (EOM), fiber polarizer, fiber polarization controller, beam splitter (BS) and
focusing lens; the electrical path (lower part) contains amplifier, mixer, coupler, spectrum analyzer, diodes, circulator, bias-tee, and nanovoltmeter.
(PBS = polarizing beam splitter, Cam = camera, bal.det = balanced detector, arb. func = arbitrary waveform generator.) The dashed box shows the
detecting mechanism for the dynamic Kerr effect. The applied DC magnetic field is parallel to the ground-signal-ground (G-S-G) lines of the coplanar
waveguide. b. The intensity map of the FMR scan (5.0–7.0 GHz) for the Fe/Pt bilayer of the in-phase (X) and quadrature (Y ) components, and total
amplitude (

√
X2 + Y 2) as a function of the magnetic field and frequency. c. The phase evolution as a function of frequency.

Source: All panels are adapted from Ref. [249].

6.1. Magneto-optical detection of phase-resolved ferromagnetic resonance

The development in quantum magnonics [250–252] highlight the needs for detecting spatial- and phase-resolved
magnetization dynamics adaptable to micro- and nano-scale magnonic devices with synergistic photonic and spin-
electronic components on-chip. This technique operating at the telecommunication wavelength at 1550-nm has been
recently developed [249,253]. It takes advantage of the conventional microwave excitation of FMR and synchronizes
such excitation with a GHz-modulated optical probe. A schematic illustration of the experimental setup is shown in
Fig. 13a. The setup allows facile modulation at the GHz frequencies with both amplitude and phase controls and also
phase-locking to a microwave source for FMR excitation. Fig. 13b shows the intensity map of the FMR scan for the Fe/Pt
bilayer. The optical signals with the phase information are obtained by the lock-in amplifier’s in-phase (X) and quadrature
Y ) components. The total amplitude calculated by

√
X2 + Y 2 resembles the conventional microwave diode measurements

and the extracted phase evolution is shown in Fig. 13c.
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Fig. 14. a. Schematic of a superconducting resonator indicating the areas of high E1-field (yellow) and B1-field (green) intensities, as well as the
orientation of the externally applied field B0 . A zoom-in of the section loaded with a Cr2Ge2Te6 flake is shown. b. |S21|2 as a function static magnetic
ield B0 and frequency, with the microwave transmission encoded in the color. c. |S21|2 as a function of frequency at fixed magnetic fields, indicated
n b by dashed vertical lines. d and e. Resonance frequency ωres and effective loss rate κeff as a function of magnetic field. The dashed orange lines
re the results from the semi-optimized fit. f. Effective loss rate κeff as a function of the magnetic field of a resonator loaded with the thinnest CGT
ample (∼11 nm).
ource: All panels are adapted from Ref. [254].

Such a continuous-wave (CW) modulation capability makes this particular wavelength-band advantageous for studying
agnetization dynamics in complex magnetic systems [255–259], such as quantum magnonic hybrids, patterned nano-
agnets, spin ice, and 2D magnets. Compared to visible light wavelengths for magneto-optics, the method allows for the
oherent tracking of gigahertz spin dynamics in a CW fashion, very much resembling a ‘‘lock-in’’ type of measurement that
s commonly performed in many low-noise electric and spin transport measurements. In addition, the fiber-based optics
llow for a compact integration with simultaneous electrical, thermal, and magnetic measurements with less susceptibility
o typical mechanical vibrations, and therefore, having the advantage of being made into compact, tabletop or even
ortable systems with yet robust measurement performances for studying 2D magnets and related 2D heterostructures.

.2. Magnon–photon coupling probed in a superconducting resonator

The interaction between microwave photons and magnons is determined by the mode volume overlap between the
wo. This essentially means that when we aim to probe spin dynamics of 2D vdW monolayers (which are typically µm
ized flakes) using microwave photons, the photon mode must have a correspondingly small mode size to maximize the
oupling strength and hence its sensitivity. One of the promising approaches to this is to use on-chip superconducting
SC) resonators [254,260,261]. Strong coupling between photons in SC resonators and magnons in anti-ferromagnetic
rCl3 bulk systems has been demonstrated [260,261].
Zollitsch et al. recently reported that it is possible to probe spin dynamics of Cr2Ge2Te6 as thin as 11 nm using SC

esonators [254]. Cr2Ge2Te6 flakes were exfoliated and transferred onto magnetically-active parts of high-quality-factor
C lumped element resonators with their small mode volume (≈ 6000 µm3), as schematically shown in Fig. 14a. The
C resonators are coupled to a microwave transmission line, through which the SC resonance modes are monitored.
ig. 14b displays a 2D color map of the microwave transmission coefficient (S21) as a function of both external magnetic
ield and frequency. A clear SC photon mode is visible and the spectral distortion of the photon mode is found in a
agnetic field range (590–620 mT) where the magnon Kittel mode is expected to have the same resonance frequency
s the photon mode. As shown in Fig. 14c, this causes the observable linewidth broadening for the particular field range,
24



C. Tang, L. Alahmed, M. Mahdi et al. Physics Reports 1032 (2023) 1–36

(
s
w
T
S

w
f
d
t
a
s
p
t
r
t
f

6

N
O
l
i
p
w
m

d
N

Fig. 15. a. Schematic of an NV wide-field magnetometry measurement platform. b. NV spin relaxation map measured for an exfoliated MnBi4Te7
MBT) flake at ESR frequency fESR of 1.0 GHz at 8.5 K. The boundary of the MBT flake is outlined with white dashed lines. c. Spatially averaged NV
pin relaxation rates measured on the MnBi4Te7 flake (red dots) as a function of fESR at 8.5 K. The experimental results are in excellent agreement
ith the theoretical prediction (red curve). d–e. 2D images of spin diffusion constant (D) and magnetic susceptibility χ0 of the MBT flake at 8.5 K.
he scale bar is 4 µm.
ource: All panels are adapted from Ref. [267].

hich can be analyzed by using a phenomenological model of coupled harmonic oscillators [254]. The photon mode
requency (ωres) as well as the relaxation rate of the hybrid magnon–photon modes (κeff) were extracted by the spectral
ata as shown in Fig. 14d and e. κeff is strongly enhanced due to the large relaxation rate of CGT magnons and using
he plot shown in Fig. 14e, the spin dynamics of the CGT magnon modes can be analyzed (see details in [254]). They
lso demonstrated the photon–magnon coupling using a 11 nm CGT flake (Fig. 14f) where the CGT magnon modes are
till detected through this measurement scheme. It turns out that CGT magnon modes have a large dissipation rate,
osing a fundamental bottleneck for achieving the strong coupling at this limit. However, multiple avenues for improving
he coupling strength are available to overcome this challenge. Such as by introducing nm-scale constrictions with
esonator mode volume reduction [262,263], and mode overlap enlargement using large-scale 2D vdW material transfer
echniques [264]. With the successful creation of coherent photon–magnon hybrids (magnon-polaritons), they can be used
or efficient energy-transfer between polaritonic states with different degrees of freedom in vdW systems [265,266].

.3. Nitrogen-vacancy electron spin resonance

Advanced quantum sensing techniques provide another perspective to investigate the rich physics of 2D magnets.
itrogen-vacancy (NV) centers, optically active spin defects in diamond, are a prominent candidate in this category [268].
ver the past years, NV magnetometry techniques have been demonstrated as a transformative tool in exploring the
ocal static and dynamic spin behaviors in 2D magnets with competitive field sensitivity and spatial resolution. Examples
nclude nanoscale imaging layer-dependent 2D magnetization [269], 2D magnetic domains [270], magnetization reversal
rocesses [271], moiré magnetism [272], room-temperature 2D ferromagnetism [273,274], and others [267,275]. Here,
e briefly discuss the opportunity to use NV relaxometry method to probe intrinsic spin fluctuations in 2D magnetic
aterials, which is challenging to access by conventional magnetometry techniques.
Fig. 15a shows a schematic of NV-based wide-field imaging platform. A MnBi4Te7 nanoflake is transferred onto the

iamond surface with shallowly implanted NV ensembles [267]. Fig. 15b show an example of the 2D NV relaxation maps.
V relaxometry measurements take advantage of the dipolar interaction between spin density of a magnetic sample and
25
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roximate spin sensors [267,276–278]. At thermal equilibrium, fluctuations of the longitudinal spin density will generate
ow-frequency fluctuating magnetic fields at the NV electron spin resonance frequencies fESR, resulting in enhancement
f NV relaxation rates. By measuring the NV relaxation rate as a function of fESR and fitting it into a theoretical model
Fig. 15c), we can extract key material parameters such as local spin diffusion constant (D) and magnetic susceptibility
χ0) of the MnBi4Te7 flake as shown in Fig. 15d and e [267]. Temperature and magnetic field dependent NV relaxation rate
easurements can also be used to reveal the magnetic phase transitions of 2D magnets. It is instructive to note that the
patial resolution of the NV wide-field imaging techniques typically stays in the hundreds of nanometers regime, which is
undamentally set by the optical diffraction limit [271]. For scanning NV microscopy, the spatial sensitivity can ultimately
each the regime of tens of nanometers, offering an attractive platform to reveal the detailed microscopic spin textures
nd dynamic responses in various 2D quantum materials [279,280].

.4. Other FMR techniques

It is worth noting that 1550 nm CW laser has also been used in the all-fiber design of Sagnac interferometer for
agneto-optical measurements of ferromagnetic resonance [281]. Sagnac interferometers have proven as a powerful

echnique that can measure the magneto-optical Kerr effect with 100 nrad/
√
Hz sensitivity using only a 10 µW

optical power without the magnetic field modulation [282–288]. Recently, this technique is employed in the magneto-
optical detection of photoinduced magnetism via chirality-induced spin selectivity in 2D chiral hybrid organic–inorganic
perovskites [289]. Moreover, by replacing the CW 1550 nm laser to a pulsed one, Heo et al. develops a time-resolved zero-
area Sagnac interferometer (TR-ZASI) for magneto-optical measurements (see Fig. 16a) [290]. As shown in Fig. 16b, in the
pulse mode, similar to the case of continuous wave (CW), each pulse will interfere after propagating the clockwise and
counterclockwise loops. Also, it has been demonstrated that the pulse mode and the CW mode give the same calibrated
Kerr angle. This technique is then used to measure time-resolved Kerr signal at the FMR of a Permalloy film, and the
results are fully consistent with other techniques, such as vector network analyzer. Temporal resolution of hundreds of
picoseconds is achieved, maintaining the advantages of the Sagnac interferometer. The analysis of the noise (see Fig. 16c)
shows that the TR-ZASI can achieve 1 µrad/

√
Hz sensitivity at a 3 µW optical power in the pulse mode. This technique

is expected to contribute to magneto-optical measurements of various fast dynamics in ps and ns ranges.
In recent years, the combination of electron spin resonance and scanning tunneling microscopy (ESR-STM) has

been demonstrated as a technique to detect magnetic properties of single atoms on surfaces and to achieve sub-
microelectronvolts energy resolution [293]. In an ESR-STM experiment performed in Fe atoms absorbed on MgO thin
films, it has been shown that single-atom electron spin resonance properties can be tuned by combining a vector magnet
and the field from the spin-polarized STM tip [294]. Moreover, by the mixing of a continuous RF voltage to the STM
junction, an rf spin-polarized tunneling current is generated from the magnetic tip, which drives a coherent magnetic
precession in a ferromagnetic thin film. Hwang et al. report a homebuilt ESR-STM incorporated with a Joule–Thomson
refrigerator and a two-axis vector magnet [291]. In addition to the early design of wiring to the STM tip, they apply
RF voltages using an antenna (see Fig. 16d). Direct comparisons of the ESR spectra measured using these two methods
(see Fig. 16e and f) shows consistent intensity, lineshape, and resonance frequency, indicating that their mechanisms of
ESR driving and detection are the same. As shown in Fig. 16g, the antenna method is employed to measure ESR spectra
of hydrogenated titanium (TiH) atoms on Mgo/Ag(100) at different magnetic fields. This technique permits the study of
nanoscale magnetic systems and magnetic skyrmions [295], bearing great potential for quantum sensing and coherent
manipulation of quantum information.

Finally, x-ray pulses from synchrotron radiation enable element, site, and valence state resolution of magnetization
and spin dynamics [296,297]. Therefore, the technique of x-ray detected FMR (XFMR) combines FMR and x-ray magnetic
circular dichroism (XMCD), in which the sample is pumped by an RF magnetic field to generate a precession of the
magnetization, which is then probed using the XMCD effect with magnetic and chemical contrast. XFMR experiments can
be carried out in time-averaged and time-resolved manners. In particular, time-resolved measurements are performed
in a transverse geometry, where the magnetization is oriented perpendicular to the incident x-ray pulses [298]. In this
geometry, the magnetic moments are continuously excited by the RF field while the response from the phase-dependent
magnetization components along the x-ray beam is probed stroboscopically. Time-resolved XFMR can thus be used to
measure both amplitude and phase of the spin precession. As shown in Fig. 16h, microwaves are generated at a frequency
of the higher harmonic of the storage ring frequency (500 MHz) to ensure a fixed phase relationship between the RF pump
field and the probing x-ray pulse. By incrementally delaying the phase of the RF field with respect to the timing of the
x-ray pulses, the complete spin precession cycle can be mapped. The phase and chemical resolution of XFMR allow to
determine the contribution of interlayer coupling and dynamic coupling of each layer in multilayer samples. As shown in
Fig. 16i and j, it has unique capabilities to probe spin-transfer torque and spin currents in spin valve devices [292,299].
These advantages can be applied to study magnetic vdW heterostructures and vdW magnetic tunneling junctions.

7. Conclusion and outlook

Advances in the 2D vdW magnet exploration have spurred new interests in spintronics. As we have discussed
throughout the text, probing spin dynamics provides access to key parameters such as the exchange interaction, magnetic
26
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Fig. 16. a. Schematic of the time-resolved zero-area Sagnac interferometer (TR-ZASI). PC: polarization controller, POL: polarizer, PD: photoreceiver,
and FG: function generator. Inset 1: The polarization axis of the electro-optic modulator (EOM). Inset 2: The two counterpropagating paths in the
TR-ZASI. Inset 3: Optical pulses near the sample. LCP (RCP) means left (right) circular polarization. b. Noise characteristics of TR-ZASI for varying
light sources. c. Wiring scheme for electron spin resonance scanning tunneling microscopy (ESR-STM). Two methods are adopted to apply RF voltages
to the tunnel junction: STM tip and RF antenna. d–e. Comparison of ESR spectra measured using the tip and the antenna for RF transmission. f.
ESR spectra of hydrogenated titanium (TiH) atoms at varying magnetic fields measured using the antenna. g. Synchrotron-based x-ray detected FMR
setup. Microwaves are generated at a frequency of the higher harmonic of the 500 MHz storage ring frequency to ensure a fixed phase relationship
between the RF pump field and the probing x-ray pulses. The phase of the RF excitation is modulated by 180◦ to probe the change in magnetization
between opposite sides of the cone of precession. h. Architecture of Ni81Fe19/Cr/Fe50Co50 spin valve device to generate and detect spin current. i.
Phase of the Fe50Co50 spin precession in proximity to the FMR condition of Ni81Fe19 with field applied along the easy axis of Fe50Co50 . Panels a–b
re adapted from Ref. [290]. Panels c–f are adapted from Ref. [291]. Panels g–i are adapted from Ref. [292].

anisotropy, g-factor, spin-wave eigenmodes, and spin–orbit torque in 2D vdW magnets and heterostructures, which is
rucial for designing ultrafast spintronic devices. The magnetic properties including g-factors extracted from FMR along
∥ c (g ) and H ∥ ab (g ), effective magnetization (H ), damping rate (α), transition temperature (T ), and synthesis
⊥ ∥ k c
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Table 3
Magnetic properties of emerging vdW magnets and prototypical bulk magnets.
Material g⊥ g∥ Hk (kG) α Tc (K) Synthesis method Reference

CrCl3 1.970 (100 K) 1.990 (100 K) ∼0 – 17(bulk) CVT [126]
CrI3 2.07 (1.5 K) – 28.6 (1.5 K) – 70 (bulk) 45 (ML) CVT, MBE [134]
CrBr3 – – 5.6 (10 K) 0.009 (10 K) 47 CVT, flux [158]
Fe5GeTe2 1.99 (300 K) 2.21 (300 K) 1.8 (300 K) 0.035 (300 K) 300 CVT, CVD, MBE [155]
CrSiTe3 2.70 (34 K) 1.75 (34 K) 20 (2 K) – 34.15 flux [84]
Cr2Ge2Te6 2.10 (2 K) 2.18 (2 K) 5.82 (2 K) 0.01–0.08 (10 K) 64.7 CVT, flux [173]
Fe3GeTe2 – – 12 (185 K) 0.58 (185 K) 150–220 CVT, MBE [177]
Y3Fe5O12 (YIG) 2 (300 K) 2 (300 K) 0.09–0.4 (300 K) 8.58 ×10−5 (300 K) 567 Sputtering, PLD [300]
NiFe 2 (300 K) 2 (300 K) 0 0.005–0.008 (300 K) 553 (bcc) 872 (fcc) Sputtering, MBE [301]

CVT: Chemical vapor transport; MBE: molecular beam epitaxy; CVD: Chemical vapor deposition; PLD: Pulsed laser deposition.

method for emerging vdW magnets and prototypical bulk magnets (yttrium iron garnet, or YIG) and magnetic thin films
(NiFe) are summarized in Table 3.

Benefited from the rich library of 2D vdW materials with their distinct properties in optics, magnetism, supercon-
uctivity, etc, the various synthetic vdW systems offer a great material playground for novel hybrid quantum systems,
here coherent signal and energy transduction is often demanded. Over the last few years, 2D vdW compounds have
merged as promising contenders for hybridized polariton sciences, demonstrating efficient, coherent couplings between
istinct material excitations, such as photon, phonon, and exciton. In addition, as a rapidly growing subfield of quantum
ngineering, magnonic (dealing with spin dynamics, i.e. magnons) have provided augmented engineering capabilities in
oherent information processing [302]. Understanding and engineering the spin dynamics in vdW systems will lead to
ew opportunities in hybrid quantum transduction using magnons, where the ease of 2D layer exfoliating and stacking
nd the magnon advantages (e.g. strong coupling with other excitations) are combined. One of the main challenges in the
ull integration of 2D magnets in quantum technologies (e.g. computing, photodetectors, information storage, processors,
ubits, on-chip platforms) relies on the finding of truly scalable room-temperature magnetic layers where quantum effects
re substantial. Currently, there is no clear recipe where to find them in the available library of 2D compounds. What we
now at the moment is that FMR provides an intimate dialogue with the fundamental interactions present in the spin
ynamics at each system. From them, we can estimate whether new routes can be used to enhance such building blocks,
or instance, in terms of different assemblies and/or chemical modifications.

Using vdW assembly such as moiré lattice, one can combine different magnetic materials to induce magnon–magnon
oupling without out-of-plane field by breaking sublattice exchange symmetry. In addition, recent simulation works
uggest that synthetic vdW magnets exhibit both dipolar coupling and Ruderman–Kittel–Kasuya–Yosida (RKKY) exchange
oupling among multiple vdW sublattices, which open up new opportunities for very strong magnon hybridization [303,
04]. These intriguing physics and promising applications will attract great interest in ferromagnetic resonance studies
f the microscopic quantities associated with spin dynamics and magnon hybridization. Moreover, electric field can be
sed to modulate the resonance frequency, damping and coupling strength in vdW magnet-based magnonic devices.
recent theoretical work predicts electric field controlled magnonic dynamics at exceptional points in a parity–time

ymmetric waveguide [305]. ST-FMR thus provides a powerful tool to investigate and realize such spin–orbit interaction
riven interfacial phenomena.
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