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TOPICAL REVIEW — Two-dimensional magnetic materials and devices
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Ultrathin van der Waals (vdW) magnets provide a possibility to access magnetic ordering in the two-dimensional
(2D) limit, which are expected to be applied in the spintronic devices. Raman spectroscopy is a powerful characterization
method to investigate the spin-related properties in 2D vdW magnets, including magnon and spin-lattice interaction, which
are hardly accessible by other optical methods. In this paper, the recent progress of various magnetic properties in 2D vdW
magnets studied by Raman spectroscopy is reviewed, including the magnetic transition, spin-wave, spin—lattice interaction,
symmetry tuning induced by spin ordering, and nonreciprocal magneto-phonon Raman scattering.
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1. Introduction

Since the successful preparation of monolayer (IL)
graphene, new families of two-dimensional (2D) van der
Waals (vdW) materials, including hexagonal boron nitride (h-
BN), black phosphorus (BP), and transition metal dichalco-
genides (TMDCs) have been discovered.!!! In recent years,
the 2D vdW materials have attracted great interest due to their
unique properties that are difficult to be accessed in their bulk
crystal form. ') Remarkably, among all the 2D vdW materi-
als, 2D vdW magnets have gained extensive attention because
they are ideal systems for studying the 2D magnetism.[’~10]
Additionally, the 2D vdW magnets exhibit many fascinating
electrical and optical properties, such as ultrafast optical re-
sponse, magnetoresistance effect, high-frequency spin waves,

[11-16] The long-range magnetic order-

and linear dichroism.
ing in some 2D vdW magnets, such as Crlz, CryGe,Teg, and
FePS3, depends on the number of layers and can be retained
down to the 1L limit.!"”~!%1 In the 2D limit, the magnetic prop-
erties are substantially different from those in their bulk coun-
terparts, such as the existing skyrmions, spin—phonon cou-
pling, spin fluctuations, and magnetic excitations in 2D vdW

18,20,21

magnets. ! | Furthermore, the magnetism of 2D vdW ma-

terials can be effectively modulated by electrostatic gating,
chemical doping, and epitaxial strain,[!3-22.23]

The magnetism of 2D vdW materials can be characterized
by some optical methods, including Raman spectroscopy, sec-

ond harmonic generation (SHG), magnetic force microscope

DOI: 10.1088/1674-1056/ac1e0f

(MFM), magnetic circular dichroism (MCD), and magneto-
optic Kerr effect (MOKE).[%13:24.25]1 Among the various meth-
ods mentioned above, Raman spectroscopy is indispensable
for the characterization of elementary excitations in 2D vdW
magnets. Utilizing the Raman spectroscopy, rich informa-
tion about the spin-related elementary excitations can be ob-
tained, including magnons, spin—phonon coupling, and Bril-
louin zone folding.[17-21:2627] Additionally, the different stack-
ing orders in vdW magnets can also be distinguished by Ra-
man spectroscopy, which is significant for the study of the
layer-dependent magnetism.!'>?8] Due to the atomic thick-
ness, 2D magnets are susceptible to the external perturba-
tions. Therefore, the response of Raman spectra to the ex-
ternal perturbation allows the deeper insight into the magnetic
ordering.[13-2%]

In this paper, some important advances of Raman spec-
troscopy applied in investigating the properties of 2D vdW
magnets are reviewed. Firstly, we briefly summarize the
atomic structures and magnetic properties of some vdW mag-
nets. Subsequently, we introduce the ways to detect the mag-
netic phase transition by Raman spectroscopy. The Curie tem-
perature (7¢c) and Néel temperature (7y) of 2D magnets can
be obtained from the evolution of the Raman spectral fea-
tures (including frequency, intensity, and the number of Ra-
man peaks) with temperature. We also illustrate the Raman
spectral features of spin-wave (magnon) under various con-
ditions, including external magnetic field, low-temperature,
and different polarization configurations. Next, we present
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the strategies regarding how to use the Raman spectroscopy to
monitor the magnetism which is modulated by the magnetic
(electric) field, pressure, and chemical methods. Furthermore,
we elucidate two mechanisms about the rotation of the polar-
ization axis of Ay mode with the magnetic field in Crl3. At the
end of the review, we give a conclusion and brief perspective
for the development directions of the Raman spectroscopy in
investigating the 2D magnets in the future.

2. The 2D vdW magnets in atomically thin limit

The atomic structures and magnetic properties of sev-
eral typical vdW antiferromagnetic (AFM) and ferromag-
netic (FM) materials are introduced here, including ternary
tetradymite compounds, ternary iron-based tellurides, transi-
tion metal halides, and transition metal phosphorous trisul-
fides.

Mn-Bi-Te family is a layered ternary tetradymite com-
pound containing long-range magnetic ordering introduced by
Mn?* ions and the band inversion caused by the strong cou-
pling between spin and orbit, so it is one of the ideal candidates
for magnetic topological materials.[*>33 The basic build-
ing blocks of the Mn-Bi-Te family are magnetic compound
MnBi,Tes (A layer) and non-magnetic compound BiyTe; (B
layer). So far, many structures can be obtained by stack-
ing A layer and B layer experimentally, such as MnBi;Te4,
MnBisTe;, MnBigTe o, and MnBigTe3.13* Recently, the in-
trinsic vdW AFM MnBi,Tes has aroused widespread atten-
tion for its implementation of Chern insulator state.'3*! In the
layered MnBi,Tey with the space group R3m, septuple lay-
ers (SLs) Te-Bi-Te-Mn-Te-Bi-Te are bundled via vdW inter-
action, as shown in Fig. 1(a).['?) The Néel temperature (Ty)
of MnBi,Tey is 25 K. In the AFM phase (T < Ty), the spins
of Mn?* ions in each SL couple ferromagnetically, while

T_’w:}

a

(e) @Fe/Mn/Ni/

SLs couple antiferromagnetically along the out-of-plane easy
axis. By applying a magnetic field, MnBi;Te4 can further
form canted AFM and FM states.!?! Its layered AFM or-
der enables different topological states associated with even
and odd layers, which has been supported by edge transport
measurement. 36!

The Fe3GeTe, (FGT), as a representative of ternary iron-
based tellurides, exhibits robust long-range ferromagnetic or-
dering with strong out-of-plane anisotropy in monolayer and
epitaxial grown thin films. 33738 A5 shown in Fig. 1(b), with
the space group P63/mmc, each layer of FGT is composed
of five sublayers with sandwich-like stacking order and the
adjacent layers interact through vdW force. The Curie tem-
perature (7c) of monolayer FGT is around 130 K, 1301 while it
reaches up to about 220-230 K for bulk FGT. More impor-
tantly, the bulk vdW magnet FesGeTe,, with a similar struc-
ture to Fe3GeTe,, possesses a higher T¢ of about 310 K.[3!
By changing the ratio of elements, number of layers, and ex-
ternal gating, the magnetic properties of FGT can be modu-
lated, which renders it a potential material for the application
in spintronic devices.[>3-40:41]

Transition metal halides mainly contain MX, and MX3
(M = Mn, V, Cr, Co, Fe, Ru, Ni; X =1, Cl, Br). Their
magnetic properties strongly depend on the number of lay-
ers, by varying of which, the magnetic ground state can be
correspondingly modified. In Crl3, one of the typical tran-
sition metal halides, its bulk crystal displays Ising ferromag-
netism below the T¢ (61 K) with the spins orienting along
the out-of-plane direction, as shown in Figs. 1(c) and 1(d).
The exfoliated monolayer retains long-range ferromagnetic
order when Crli is cooled below its T¢ of 45 K.[942] In Crl3
flakes (> 2 L), the magnetism in a single-layer component is
FM, while the coupling between adjacent layers is AFM.[43]

Cd/iZn
or

Fig. 1. Atomic structure diagrams of some typical 2D magnetic materials. (a) Crystal lattice and spin structure of MnBi,Tes. The red arrow
indicates the magnetic moment of each Mn ion (adapted from Ref. [12]). (b) Side view of Fe3GeTe, bilayer atomic structure. The dashed box
represents the crystal unit cell (adapted from Ref. [30]). (c)—(d) The top and side views of atomic lattice and Ising spin structure of 1L Crlz. Each
Cr3t ion (gray ball) is surrounded by six I~ ions (purple balls) (adapted from Ref. [9]). (e) The atomic structure of transition metal phosphorus
trisulfides (adapted from Ref. [31]). The crystal structures of (f) MPS; (M = Mn, Fe, Ni, Cd, and Zn) and (g) MPSe3 (M = Mn and Fe).
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Moreover, the transformation of the magnetic orders between
FM and AFM states has been realized by controlling the stack-
ing, magnetic field, pressure, and electric gating, which pro-
vides the possibility to design highly tunable spintronics de-
vices and even create new quantum states in 2D magnets.
Transition metal phosphorus trisulfides MPX3 (M = Mn,
Fe, Ni, etc.; X = S and Se) are another class of vdW an-

£ [31,44,45

tiferromagnets studied in the 2D limi ' As shown in

Figs. 1(e)-1(g), each [PX¢]*~ unit within a layer is sur-
rounded by six metal ions, forming a honeycomb structure. 3]
The space group of MPS3 is C2/m, while MPSe; belongs
to R3 space group.’!l By selecting different elements, the
band gaps of MPX3 can be tuned in the range of 1.3-3.5 eV
with their spin structures varying dramatically. In the bulk
form, the spin model of FePS; (Ty =~ 120 K) belongs to
the Ising model,*®) while the one for MnPS3 (Ty ~ 78 K)
is the Heisenberg model,”®! for NiPS3 (Tx =~ 155 K) is the
XY model.[*#"] In addition, the one-magnon scattering in
FePS; %!l and MnPS3,[#8) together with the two-magnon scat-
tering in NiPS3/?’! have been revealed, which suggests that
they have potential in magnon-based spintronic devices.

3. Raman spectroscopy of 2D magnets
3.1. Principle of Raman spectroscopy

As a convenient and non-destructive tool with high spatial
and spectral resolution, Raman spectroscopy has been widely

used to characterize 2D materials. [49-5°

! The prominent fea-
tures of Raman peaks, including frequency, full width at half
maximum (FWHM), intensity, and line shape, contain useful
information to investigate the fundamental physical properties
of 2D materials, such as phonon frequency, the number of lay-
ers, stacking orders, electron—phonon coupling, charge density
wave (CDW), phase transition, et al.[>7-%"]

The quantum picture of the inelastic Raman scattering
process can be understood as shown in Fig. 2(a).[®!] Ra-
man scattering describes the interaction between photons and
phonons. Electrons are excited by the incident photons from

the initial state to the intermediate state through electron—

(a) virtwal (P

state

.
polarizer

L) hag ho ho, — laser

ho ho
vi Pl ph v vf

Stokes Raman Anti-Stokes Raman

spectrometer

radiation interaction, and then scattered by phonons accom-
panied by the emission of scattered photons. According to
the creation or annihilation of phonons, Raman process can be
divided into Stokes and anti-Stokes processes. In the Stokes
(anti-Stokes) process, the energy of the scattered light satis-
fies hiwg(as) = hoy F hapn, where hw; (fiwph) is the energy
of the incident light (phonon) and %i@s4s) is the energy of
the Stokes (anti-Stokes) light. Especially, if the intermediate
state is a real electronic state, the energy of the incident or
scattered light will resonant with the energy of the interme-
diate real electronic level, and thus the resonant Raman scat-
tering occurs. Since the real electronic transition is involved,
many novel phenomena can be investigated by resonant Ra-
man scattering, including the breakdown of Raman selection

5,[6%] forbidden Raman modes, (%3] high order or combined

rule
Raman modes. %3] Experimentally, the resonance Raman scat-
tering can be achieved by either selecting the excitation energy
or changing the electronic levels.

Inelastic light scattering provides access to explore the
energy, symmetry and statistics of lattice, electronic excita-
Through

spin—orbit and spin—lattice couplings, Raman scattering can

tions, and magnetic excitations in nanomaterials.

measure various magnetic excitations, including fluctuations
of the magnetic energy density, spin-orders, spin-related
symmetry and topology, magnons, and spinons (fractional
magnons expected in frustrated systems). For example, the
transition from paramagnetic phase to antiferromagnetic phase
could result in the unit cell associated with the antiparallel spin
arrangement becoming twice as large as that with paramag-
netic order.!'”l Correspondingly, the Brillouin region of the
antiferromagnetic phase would fold to half as large as that
of the paramagnetic phase. Therefore, the frequencies of the
relevant Raman modes would exhibit an abrupt shift or the
new Raman modes would be activated. Concerning some fer-
romagnetic materials, the symmetry of Raman tensor changes
when the time-reversal symmetry is broken near the Curie
temperature, which suggests that temperature-dependent po-
larized Raman spectroscopy can be used to detect the magnetic

[29

phase transition temperature.!?®! As an elementary excitation,

100 105 110 100 105 110
(c)

1F T N T T - T 31
— Z(XX)Z n — Z(XX)Z ’?
— Z(YX)Z — Z(YX)Z

0 0

analyzer

N2
— 150
edge filter o 120 ©
[=2] [=2)
| =4 =4
N N
N4 £ 60 &
& &
- 30
objective )
2 __ Al
100 105 110 100 105 110
sample

Raman shift (cm ')

Fig. 2. Principle and application of Raman spectroscopy. (a) Schematic diagrams of energy level transitions in Stokes and anti-Stokes Raman
processes. (b) Experimental setup of circularly polarized Raman spectra. (c) The intensity maps of the polarized-dependent Raman spectra in
rhombohedral (left) and monoclinic (right) phases of bulk Crl3 (adapted from Ref. [28]).
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magnon originates from the collective excitation of the spins
with long-range magnetic order in magnets. The energies of
the one-magnon and two-magnon excitations increase when
the temperature decreases, leading to the blueshift of the

(211 Additionally, the antiferromagnetic one-

Raman modes.
magnon mode will split into two Raman peaks that vary lin-
early with the magnetic field due to the Zeeman effect.*! For
uncovering novel topology, Raman spectroscopy can also be
used to measure the non-trivial statistics associated with the
fractional spin excitations. %!

Raman spectroscopy is widely used in both laboratory
and mass-scale production. The polarization-dependent and
ultralow-frequency Raman spectroscopy systems combining
the polarizer, wave plate, and volume-Bragg-gratings (VBG)-
based notch filter with confocal microscopes provide a pow-
erful technique to investigate the low-energy elementary ex-
citations, interlayer stacking, lattice symmetry, together with
the anisotropy in 2D materials and heterostructures.!%>-°6! The
polarization Raman spectroscopy, which includes linear po-
larization and circular polarization configurations, is available
to investigate the symmetry of lattice and elementary exci-
tations by controlling the polarization configurations of the
incident and scattered light.[7-%1 Figure 2(b) shows one of
the experimental setups of circularly polarized Raman spectra.
Since the polarized intensity can be calculated by the Raman
tensor, which directly depends on the symmetry of the crys-
tal and corresponding phonon mode, the polarization Raman
spectroscopy can be used to characterize the crystal symmetry.
For instance, the crystal lattice of bulk Crl3 undergoes a struc-
tural phase transition near 210 K from a rhombohedral phase
to a monoclinic phase. As shown in Fig. 2(c), the monoclinic
(right) and rhombohedral (left) phases can be distinguished ac-
cording to their polarization behaviors of the corresponding

28
Raman modes.?8]
a) oo b
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3.2. Magnetic phase transitions

The critical temperature of magnetic phase transition is
an important parameter for 2D magnets, which reflects the
competition between long-range magnetic order and ther-
mal fluctuation. Most of the 2D magnets possess a low
magnetic phase transition temperature, such as bulk Crls
(Tc = 61 K), VI3 (Tc = 50 K), CrSiTe; (T ~ 32 K), and
CrOCl (Ty ~ 13 K).[>7%-721 Obviously, the vdW magnets with
the magnetic phase transition temperature above the room
temperature are urgently demanded to achieve antiferromag-
netic/ferromagnetic devices.!'*! Therefore, a fast and conve-
nient method to measure the magnetic phase transition temper-
ature is necessary for the application of 2D magnets in spin-
tronic devices.

The magnetic phase transition temperature of intrinsic
magnets can be characterized by magnetic susceptibility mea-
surement. However, this technique is difficult to be ap-
plied to investigate the magnetic properties of 2D ultrathin
materials. [ In contrast, due to the high spatial resolution and
high sensitivity to the symmetry of the lattice, spin—phonon
coupling, and electronic states, Raman spectroscopy can re-
veal the magnetic order and phase transitions of 2D magnets
down to the monolayer limit. The comparison of the mag-
netic phase transition temperatures measured by Raman spec-
troscopy and other methods is shown in Table 1. In the vicin-
ity of the magnetic phase transition temperature, some spec-
tral features of Raman spectra, such as frequency, intensity,
linewidth, and polarization of phonon peak, will exhibit no-
ticeable variations, which makes the temperature-dependent
Raman spectroscopy a powerful tool to determine the mag-
netic transition temperature of vdW magnets.[?®! The related
experimental results are presented in Fig. 3.

(d)

200t g0 olo™
c*le*
150 50
4
100
40 | { } 2
50
1 &
0 30 f H =
124 128 132 . —_— @
Raman shift (cm™) o 12 3
o8 Temk| S 207 3
=]
— 13
oar 10+ =
0.2 0k - { { 10
00 = 10 20 30 40 50 60

T(K)

2 20
Temperature (K)

60

Fig. 3. The transition temperature (7¢c and 7y) of 2D magnets detected by temperature-dependent Raman spectra. (a) Temperature-dependent
magnetic susceptibility (upper panel) of bulk FePS3 along in-plane and out-of-plane axes, depicted by gray and black spheres, respectively. The
temperature-dependent intensities (lower panel) of corresponding Raman peaks in bulk FePS; (adapted from Ref. [46]). (b) Raman frequencies
and intensities of P, in MnPS3 flakes with different thickness as a function of temperature (adapted from Ref. [26]). (c) The circular polarization
Raman spectra of the Ay mode (128 cm™1) for bulk VI3 under the 6* /o™ polarization configurations at 60 K, and the corresponding calculated
circular polarization (p) with the temperature ranging from 1.7 K to 60 K (adapted from Ref. [29]). (d) The temperature-dependent ¢ (blue) and
the remanence RMCD signal (red) of monolayer Crl3 at O T. ¢ is defined as the angle of the polarization axis away from the excitation polarization

axis (adapted from Ref. [13]).
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Table 1. Comparison of the magnetic phase transition temperatures measured by Raman spectroscopy and other methods.

Magnetic phase transition temperature

VAW magnets By Raman spectroscopy By other methods
Crl3 — Bulk: 61 K (magnetic susceptibility, heat capacity, and SQUID magnetometry)!?73]
1L : 45K 1L: 45 K (MOKE)™!
CrBr3; Bulk: 37 K74 Bulk: 37 K (neutron and x-ray diffraction measurements)”‘”
_ 1L: 27 K (MCD)3
Vi3 Bulk: 50 K9] Bulk: 49 K (magnetic susceptibility)!76]
CrSiTes Bulk: 33 K7 Bulk: 33 K (magnetic susceptibility)!”’]
Fe;GeTe, FLs: 140 K78 Bulk: 220 K (heat capacity)7!
— 1L: 130 K (RMCD)
FePS; Bulk: 118 K401 Bulk: 118 K (magnetic susceptibility) [46]
1L: 104 K31 —
MnPS; Bulk/FLs: 78 K261 Bulk: 78 K (magnetic susceptibility)[3!
NiPS;3 Bulk: 155 K71 Bulk: 155 K (magnetic susceptibility)[8!]

2L: 130 K271

Notation: 1L: monolayer, FLs: few layers, SQUID: superconducting quantum interference device, MOKE: magneto-optic Kerr effect,
MCD: magnetic circular dichroism, RMCD: reflective magnetic circular dichroism.

As shown in Fig. 3(a), the slope of the magnetic
susceptibility—temperature curve for FePS; exhibits a mu-
tation when the sample undergoes the antiferromagnetic—
paramagnetic phase transition, which can be exploited to de-
termine the magnetic phase transition temperature. Mean-
while, the intensities of Pj; and P, Raman peaks vary dra-
matically near the 7y (118 K) obtained from the magnetic
susceptibility measurement,*®! which is thus also the indi-
cator for the magnetic phase transition. Compared with the
changes of the intensity in FePS3, the steep Raman shift of
the P, peak in MnPS3 (originates from the Mn-S vibration),
as shown in Fig. 3(b), suggests that the transition between
paramagnetic and antiferromagnetic phases occurs.*®! The
temperature-dependent Raman spectra of MnPS3 with differ-
ent thickness indicate that the transition temperature is inde-
pendent of the number of layers.?®! The Raman intensities of
the P, mode in MnPS3 with different thickness reach a max-
imum at around 120 K, while a minimum at around 55 K,
which are related to the single-ion and XY anisotropies, re-
spectively.

When some ferromagnetic materials undergo the para-
magnetic to ferromagnetic phase transition, the time-reversal
symmetry is broken due to the spin inversion, which results
in an extra antisymmetric component in the original symmet-
ric Raman tensor. The variation of the Raman tensor fur-
ther induces the rotation of the polarization plane,!'3! which
illustrates that the transition temperature (7c) of some ferro-
magnetic materials can be obtained by the polarization Ra-
man spectroscopy. Furthermore, the circular polarization p
can be obtained from the intensity difference of Raman mode
under 0" /ot (I;) and 0~ /6~ (I-) polarization configura-
tions. Specifically, circular polarization p can be calculated
by

p=(I;—1) /(I +1). (1)
Figure 3(c) shows the temperature-dependent circular polar-
ization p of Ay mode (~ 128 cm™!) in bulk VI5.*”! Above
Tt (50 K), the intensity of the A, mode under 6/ o circu-
lar configuration is the same as that under 6~ /6~ configura-
tion. When the temperature goes below the Tc, the spins are

oriented to form ferromagnetic phase along the out-of-plane.
The ordered alignment of the spins is responsible for the bro-
ken time-reversal symmetry in bulk VI3, which manifests the
appearance of asymmetric matrix elements in the Raman ten-
sor. The circular polarization p of materials with FM phase is
a nonzero value. In particular, p is positive for bulk VI3, as
shown in Fig. 3(c). Thus, in-situ characterization of the mag-
netic phase transition via circular polarization Raman spectra
is available. Figure 3(d) displays the extracted polarization
rotation (¢) of the Ay peak in 1L Crlz when the tempera-
ture drops down from 60 K to 15 K. ¢ is defined as the an-
gle of polarization axis away from the excitation polarization
axis. When T < Tc (45 K), the ¢ of 1L Crlz appears and
then increases gradually as the temperature drops to 15 K.[!3]
The variation of ¢ can also be reflected in the temperature-
dependent remnant RMCD signal measurement. The above
experimental results indicate that the Raman spectra are con-
siderably useful for the better understanding of the magnetic
phase transition behaviors in 2D magnets.

3.3. Magnons in 2D magnets

Spin wave, whose quasiparticle is called magnon, is a col-
lective excitation of the spins with long-range magnetic or-
der in magnetic materials.®”! The discovery of the vdW mag-
nets makes it possible to explore the spin dynamics when
the dimension is down to the 2D limit.’%) Magnons have
now been observed in several 2D magnets, including Crls,
a-RuCls, and the MPX3 family (FePS3, MnPS3, NiPS3, and
MnPSe3), 212782 which can efficiently transport the spin an-
gular momentum and sensitively respond to the magnetic field.

The magnetic field- and temperature-dependent Raman
spectroscopy is the effective and accurate method to study the
properties of magnons in 2D magnets. One-magnon scatter-
ing mode in an AFM material is expected to experience the
Zeeman splitting in the presence of an applied magnetic field
due to its nontrivial net magnetic moment, AS = +1.184 Ag
shown in Fig. 4(a), the ¢4 peak of FePS3 in the AFM phase
splits into two peaks under the magnetic field along Z direc-

tion, which are labeled as (pil) and (pd(fz), respectively, and their
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frequency difference increases as the magnetic field goes from
0 T to 9 T.[>!] The magnon frequency in a magnetic field ex-
hibits a close relation with the anisotropy field (Hp), applied
magnetic field (Hp), exchange field (Hg), and gyromagnetic

ratio (Y= gggg‘) ), which can be described as

Wy—o = ’}/{(ZHE +HA)HA}1/2:|:’}/H().

2

With the linear fitting, the gyromagnetic ratio y =
0.9348 cm™ /T and g ~ 2.0023 of FePS; can be calculated. [*!]
Apart from the antiferromagnetic magnon, the Raman peak
of ferromagnetic magnon also shifts linearly with the ap-
plied magnetic field. As depicted in Fig. 4(d), the magnon

frequency of monolayer Crlz shifts linearly with a slope of
0.94 cm™!/T under the out-of-plane magnetic field, reveal-
ing that the magnon in 1L Crl3 is a quasiparticle with spin
S = 1.9 From the magnon energy at O T obtained by linear
fitting, the spin-wave gap around ~ 2.4 cm~! is determined,
which would increase with the magnetic anisotropy.

The temperature-dependent Raman spectra of MnPSe3
and NiPS3 under crossed polarization configuration are shown
in Figs. 4(b) and 4(c). The discrete peaks correspond to the
phonon modes, while the wide continuum peaks are associated
with the two-magnon excitation. Unlike one-magnon peak,
the two-magnon peak possesses the energy twice as large as

(a) (b) s15.m (©) [ e
£ A 2 \‘ngé
S & 120K Mrﬂ oo Mt 232.K]
205 K|
— ook s
=: ard _/\_—,/; 80K 175 K|
2 8 1 #W__/\ 70K I A 155K
e > \\__u,. 60K |t I a1
2 a s Ve g35 K
= 3 N - 50K N, 125 K
[ = | o
A N N
- 30K 85 K|
W AN AW o
20K LA ‘ RS
2 M Jurvend 45K
——— T __/\Eg EEM 10K _{t//" \2‘5"
70 80 90 100 110 120 130 140 150 160 170 180 T80 100 10150 0 140 ey
0 200 400 600 800 1000
Raman Shift (cm™) Raman Shift (cm™) Y
(d) 4o L () sox10° T & - o
»
»
\\. r = 21 N Ee |
=~ b5F} Yy a* / =
e ‘?l~ _/"" § 40 | :‘ E ‘\ [
S S @ [ | I\
= \ / |
s ot § g0t A x10 o jk;,¥‘v
5 N < - A
§ bhies £ 20 P XX XY E,
c -5 ,."‘ ‘?\.‘ § ‘ //‘ % E, |
¥ o . b= i ‘ | = In
r") T, 10 A |
. (| A
-10 | [ Ay x10 E, / E,
1 L 1 1 L L J 0+ T T S Ban e ——
-8 -6 4 -2 0 2 4 6 8 70 80 90 100 110 120 130 140
f =1
(f) HoH (T) (9) Raman shift (cm-1)
~~
[7) I ’
2
c mi
? 30T &
Qo 27571 £
@ ’ 25T
> J :
= \
- |
2 \/
= J
= 0
g
0
IS o 000000000 ¢ 4
& b 4 00T 9°'l--l----.._.Ill
80 90 100 110 120 130 140 150 0 5 20 25 30

Raman shift (cm™)

10 15
Magnetic field (T)

Fig. 4. Raman spectroscopy detects the one-magnon (two-magnon) in 2D magnetic materials. (a) The Zeeman splitting of w4 peak in FePS3 at 5 K
(adapted from Ref. [21]). (b) The Raman spectra of MnPSe3 under crossed (VH) polarization configuration collected through the Néel transition at
74 K (adapted from Ref. [82]). (c) Temperature-dependent Raman spectra of two-magnon signals and Fano resonance in monolayer NiPS3 (adapted
from Ref. [27]). (d) The magnon frequency of monolayer Crl3 when an out-of-plane magnetic field sweeps from —7 T to +7 T. The working range
of the filter determines that the Raman signal in the gray area is inaccessible (adapted from Ref. [50]). (e) The polarization-dependent Raman spectra
of Crl; flake (13 L). Magnon modes M; and M, completely disappear under the parallel polarization configuration (adapted from Ref. [83]). (f) The
Raman spectra of FePS3 under the magnetic field along out-of-plane ranging from 0 T to 30 T (adapted from Ref. [91]). The green, red, and blue
spectra correspond to phonon (P3), spin-up magnon (M), and spin-down magnon (M), respectively. (g) The frequencies of Py, P>, P5, My, and M
under the magnetic field sweeping from 0 T to 30 T (adapted from Ref. [91]). P;, P,, and P; denote three different phonon modes in FePS3.
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that of the one-magnon peak and would not split under the
magnetic field. As the temperature decreases below the Ty,
the Raman peaks of one-magnon and two-magnon show an
obvious blueshift. Meanwhile, the Raman intensity of the
two-magnon peak significantly increases. Similar tempera-
ture dependence of magnon has been reported in vdW mag-
net FePS3[21] and some three-dimensional antiferromagnets,
including FeF,, NiF,, and MnF,. [85-88]

The symmetry behaviors of magnons can also be char-
acterized by Raman spectroscopy. For example, in Fig. 4(e),
two modes (M; and M) of thick Crlz can only be detected
by the cross-polarization channel. According to the theory
of Fleury and Loudon,®* the Raman tensor of one-magnon
peak in magnets with orbital angular momentum ground state
L = 0 contains only the asymmetric matrix elements, which
thus restricts the Raman peak to be observed only under the
cross-polarization configuration, while disappears under the
parallel-polarization configuration. The theory has well de-
scribed the symmetry behaviors of the magnons in some 3D
magnets, including antiferromagnetic materials MnF,, FeF,,
YFeOs, and Cd;_,Mn,Te.[8+39901 However, the polarization
behavior of one-magnon peak for magnets with the nonzero
orbital angular momentum at the ground state is more com-
plex, which is not discussed here.?!! In general, the Raman
peak of two-magnon does not depend on the polarization. >}
Therefore, a suitable polarization configuration can be selected
according to the polarization behaviors of the phonon modes
in Raman spectra to observe the two-magnon signals. For ex-
ample, two-magnon signals in MnPSes, VI3, and NiPS3 can
be explored under the cross-polarization configuration because
most of the phonon modes only appear under the parallel-
polarization configuration.?”-2%82] Generally speaking, there
is still abundant space here to explore the polarization behav-
iors of the magnons in the 2D limit.

The coupling between magnons and phonons in 2D an-
tiferromagnets is an emerging field in the area of light—matter
interaction, which offers a powerful means to control the quan-

tum states and is expected to be used in quantum informa-
tion technologies. Recently, Liul®'l and Vaclavkoval®?! et
al. directly observed the strong coupling between magnons
and phonons in FePS3 by Raman spectroscopy under the
high magnetic field up to 30 T. In Figs. 4(f) and 4(g), the
Raman-active magnon (M) is coupled with the nearby phonon
mode (P3) to from a hybridized magnon—phonon quasiparticle,
which features an evident anti-crossing in the eigen-spectrum.
In addition, the circular polarized Raman spectra shows that
the magnon (M;) transfers its spin to the phonon (P5) through
the strong coupling under the out-of-plane magnetic field.
These works unveil the magnon polarons in FePS3; and evoke
further explorations in the domain of magnon—phonon cou-

pling.

3.4. Modulation of the magnetism in 2D magnets

VdW materials are extremely flexible, and their electron
density can be efficiently tuned by the electric field, leading
to the fantastic transport properties. The vdW magnets pro-
vide an ideal platform to combine the magnetic properties with
the unique properties of vdW materials, which makes it pos-
sible to investigate, modify the magnetic excitations, and even
switch the magnetic configurations in the 2D limit. Regard-
ing the magnetic modification, the electrical, mechanical, and
chemical methods (such as elemental substitution and absorp-
tion) can be applied to modulate the magnetic properties in 2D
vdW magnets.*3*4] The magnetism of vdW magnets strongly
depends on the stacking order because of their ultrathin thick-
ness. The interlayer coupling in Crl3 with monoclinic stack-
ing order exhibits AFM feature, while that in rhombohe-
dral stacking order is FM. The monoclinic-to-rhombohedral
(AFM-FM) transition in exfoliated SL Crl3 induced by pres-
sure (1.8 GPa) has been probed by Raman spectroscopy.>!!

Compared with other vdW materials, vdW magnets have
an additional degree of freedom, namely, the spin order,
which can be easily tuned to control the symmetry. Below
the Tc, the antisymmetric elements in the Raman tensor of

Intensity (a.u.)
—)
(b) ] 1,500
135 :

XX

2,000 XY

130

£

1,000

Intensity (a.u.)

125

( a) a4
1200} oo wH=0T
) = ola* I,
3
3 pee’
ES 800
2
g
£ 400
a3 o L al
24 128 132
1200f 7 bH=2T Raman shift (cm™) 1200 ofo
|t &34 ~ |t
3 12 3
S 800 08 s
z aoo rY \ 2
5 08 8
Z 400 2 £
2 1 0 1 2
Magnetic field (T)
a2 a2 g m N

pH=+2T
AAA
a'a

Raman shift (cm™)

120

XX

2,000 XY

124 132 124

128
Raman shift (cm™) 1200 g™ pH=0T

AL s

o

Intensity (a.u.)

(/

124 128 132
Raman shift (cm™)

128
Raman shift (cm™)

132

1,000

Raman shift (cm™)
Intensity (a.u.)

i
0 ¥ n
-0.8 -0.6 -0.4 120 125 130 135

HoH (T) Raman shift (cm™)

Fig. 5. Spin-dependent Raman scattering modulated by an external field in the 2D magnets. (a) The circularly polarized Raman spectra of 2D
ferromagnet VI3 under the out-of-plane magnetic field (adapted from Ref. [29]). (b) The polarized Raman spectra of 2L Crl3 at V, equaling to 0 V
(upper panel) and 5 V (lower panel) with an applied magnetic field ranging from —0.4 T to —0.8 T (adapted from Ref. [13]). The white dotted-lines

represent the spin-flip field when Vg is 0 V.
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VI3 appear due to the broken time-reversal symmetry.[??1 As
shown in Fig. 5(al), when the applied magnetic field is +2 T,
the intensity of A, mode (128 cm™!) under the o /o™ cir-
cular polarization configuration is lower than that under the
0~ /o~ configuration, which would remain unchanged when
lowering the magnetic field to O T [Fig. 5(a2)]. However, the
intensities from both channels are reversed under the opposite
field of —2 T [Fig. 5(a3)], due to the spin-flip transition, which
are retained when the magnetic field is back to O T [Fig. 5(a4)].
The reversed intensities reflect the presence of coercive field
in VI3. These results suggest that Raman selection rules are
highly sensitive to the magnetism.

Being characterized by low energy consumption and
ultra-scalability, (> the electrical methods, such as applying
current or voltage, can be used to control the magnetic prop-
erties in 2D vdW magnets, via changing the position of Fermi
level, space inversion and time-reversal symmetries, together
with the magnetic anisotropy.!'#! For example, the direction
of magnetic anisotropy in CrGeTes is along the out-of-plane
without applied field, whereas it rotates to in-plane with an
ionic gating, and the corresponding T¢ increases to above
200 K in this process.[?®! As for 2L Crl3, the symmetry can
be broken by an electric field, and thus the Raman selec-
tion rules are further modified.!'3! In Fig. 5(b), the Raman
peak of 1L Crl3 with frequency around 127.4 cm™! splits
into two peaks due to the Davydov splitting. The frequen-
cies of these two peaks are 128.8 cm™! and 126.7 cm™!, re-
spectively. According to the symmetry of vibration and Ra-
man selection rules, the Raman peak with a higher frequency
(128.8 cm™!) is Raman active, while the one with lower fre-
quency (126.7 cm™') is Raman silent in the FM phase. In
the AFM state, the symmetry of bilayer Crl varies, which in-
duces that the 126.7 cm~! peak can only be observed in the
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XY polarized channel, whereas the 128.8 cm™! peak only ap-
pears under the XX configuration. As the magnetic field in-
creases beyond the spin-flip field (—0.62 T), the bilayer Crlz
changes from the AFM state to FM state, which can be di-
rectly reflected in the polarized Raman spectra. Figure 5(b)
shows the polarized Raman spectra of 2L Crl3 at V;, equaling
to 0 V and 5 V, respectively, with an applied magnetic field
changing from —0.4 T to —0.8 T. When the gate voltage V,
is 5 V, the mode at ~ 126.7 cm~! is Raman inactive under
the XY configuration, while the peak at 128.8 cm™! is Raman
active. These results illustrate that the gate voltage can effec-
tively control the magnetism of Crl; from AFM to FM state by
reducing the spin-flip field, as indicated by the white dotted-
lines in Fig. 5(b).

3.5. Magneto-optic effect in 2D magnets

The magneto-optic effect is a general term for a series of
phenomena that light interacts with a magnetic substance (or
a non-magnetic substance in a magnetic field), causing vari-
ations in the propagation state (polarization, intensity, etc.).
Magneto-optic effects include the Faraday and Kerr effects,
which represent the polarization changes of the transmitted
and reflected light, respectively. Recently, the magnetic field
has been found to be capable of inducing the polarization plane
of the anisotropic mode in 2D ferromagnet Crl; to rotate.[®7-8]
The polarization Raman spectroscopy has been used to detect
the anisotropic inelastic phonon scattering of Crl3 under the
external magnetic field.

As shown in Figs. 6(a) and 6(d), the A; mode
(~ 128 cm™!) of multilayered Crlz exhibits pronounced
anisotropy with a 180° polarization period, while the E,
mode (~ 246 cm™!) is isotropic in-plane.l”®! When the

o
(‘n"e) Aysuayul Buueyeog

Fig. 6. The magnetic field-dependent rotation of the polarization plane in Crl3. (a) Raman spectra of Crl; flakes with different thickness at 10 K (adapted
from Ref. [98]). (b)—(c), (e)—(f) The magnetic field-dependent intensity of the Ag (~ 128 cm~ 1) mode. In (b)—(c), the polarization axis rotates the same
angle under £2 T magnetic field (adapted from Ref. [97]). In (e)—(f), the polarization axis of the Ay mode rotates —15° and 40° at —2 T and +2 T,
respectively (adapted from Ref. [98]). (d) Intensity contour plot of the Ag mode of 3L Crl3 at O T with the polarization of the incident light going from
—90° to 270°. The red to blue colors indicate the intensity of the Ay peak varying from maximum (190) to zero (adapted from Ref. [98]).
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out-of-plane magnetic field B > +1.8 T, the polarization axis
of the anisotropic A, mode rotates 35° relative to the external
magnetic field direction [Figs. 6(b) and 6(c)].°" The rotation
direction of the polarization plane changes reversely with the
reverse magnetic field direction, which can be explained by in-
troducing magnetization m into the Raman tensor. The Raman
tensor of A phonon under an out-of-plane magnetic field can
be described as

RagB1ab = RAgm=0+mz R, m;- 3)

Due to the FM state transition and the minimal change of the
point group, the Raman tensor of the A, mode under the +Z
and —Z magnetic fields can be expressed as

R o (04 mzy
Ag,+Bz — —my (’}/+A/) (X+A )
o (04 —mzy
RAg,*BZ - (le (Y+A/) (X+A) ) (4)

respectively, where the A and A’ are minor corrections. This
Raman tensor of magnetization modulation well explains the
polar plots for the variation of the A mode with the magnetic
fields.

In Liu’s work, as shown in Figs. 6(e) and 6(f), the polar-
ization axis of the A, mode in bulk Crl; rotates —15° and 40°
at —2 T and +2 T, respectively.*s) Moreover, the rotation an-
gle of the polarization axis is greater than +60° (—20°) in the
presence of a higher magnetic field 2.5 T (—2.5 T). The rota-
tion of the polarization axis originates from the regulation of
the polarizability and dielectric constant exerted by the applied
magnetic field. This theory starts from the dynamics of elec-
trons under the magnetic field and then obtains the magnetic
field-dependent polarizability o.. Exploiting the polarizability
o, the polarized Raman tensor of the A; mode (~ 128 cm™ )
under the out-of-plane magnetic field B can be described as

1By bB
B3+B? B}+B?
e .
o (Ag(B)=—|  bB - __i0Bo NG
Y| "B+B" BB
0 0 Ozz

where a and b are the matrix eler?ents ofzthe Raman tensor
. . —w?+iyo+ .

without magnetic field, By = W =g+ih,and @

is the electric field frequency. The Raman scattering intensity

at different scattering angle 6 can be written as following:

1(Ag(B)) o< |es-R-ei|”

2
e (Bbsinf —hacos6) +igocos @

6
0] (g+ih)*+B? (©)

The parameters «, b, g, and & can be obtained by fitting the
experimental data. This work demonstrates that the response
of the polarization axis to the magnetic field results from the
magnetic control of the polarizability tensor by the Lorentz
force.

In summary, these two works elucidate the rotation of the
polarization axis of A, mode (128 cm~!) in Crl; as a function
of the magnetic field from different aspects. Similar magneto-
optic effects are expected in other 2D magnets, which renders
them to be potentially applied to the information coding con-
trolled by the magnetic field.[*®!

4. Conclusion and perspectives

In conclusion, Raman spectroscopy is a powerful tech-
nique to study 2D magnetic materials. Besides the capability
to explore the general properties related to the lattice vibration
as in other 2D materials, including interlayer stacking orders,
interlayer coupling, symmetry, and strain effect, Raman spec-
troscopy can also sensitively detect the spin-related properties
of 2D magnets, like the spin-involved elementary excitation or
the spin—phonon interaction.

Recent studies have found that the 2D XY -type antiferro-
magnetic vdW material NiPS3 is a very promising magnet in
2D opto-spintronics systems. Layer-dependent Raman spec-
troscopy shows that the antiferromagnetism in NiPS3 can be
retained in the bilayer limit, while it is almost completely in-
hibited in the monolayer.?”! Moreover, the Ty of NiPS3 flake
(N > 2L) increases gradually with the number of layers. These
results suggest that the XY Hamiltonian in NiPS3; becomes
unstable in the monolayer limit. In recent months, excitons
with strong interaction between the spin and orbit are found
in NiPS3.9-101] The exciton state appearing below the Néel
temperature with ultra-sharp photoluminescence (PL) is grad-
ually suppressed with the reduced thickness and eventually
vanishes for the monolayer. Remarkably, an in-plane mag-
netic field can effectively control the optical anisotropic axis
of photoluminescence along the zigzag direction. Further-
more, the existing spin-correlated excitons in NiPS3 suggest
that NiPS3 provides an ideal system to explore the elementary
photoexcitations, many-body excitons, and magneto-optics in
the 2D semiconductors with intrinsic magnetic order. In par-
ticular, NiPS3, which is highly sensitive to the band structure,
is expected to form twisted magnetic bilayer and morié het-
erostructures with different vdW materials. In addition, NiPS3
shows exceptionally strong exciton—phonon coupling, which
provides the possibility to study the exciton—magnon coupling
by optical and magnetic manipulation. Resonant Raman and
Brillouin spectroscopies are also powerful techniques to inves-
tigate the exciton—phonon interaction in NiPS3 and the related
heterostructures.

In addition, new 2D magnets with high transition temper-
ature above room temperature and high air stability are im-
perative to achieve tunable magnetism at room temperature.
Large-scale growth, manageable layer number, and insensitiv-
ity under ambient conditions of vdW magnets are essential for
the application of 2D magnets from lab to industry. Lacking of
ferromagnetic or antiferromagnetic semiconductors is another
challenge for building semiconductor spintronic devices like
spin field-effect transistor. Therefore, the more precise mod-
ulation of the magnetic properties of vdW magnets, such as
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the direction of magnetization, critical temperature, etc, needs
to be further investigated. Additionally, the atomically sharp
interface in an vdW heterostructure, which is composed of 2D
magnets and other abundant vdW materials, is a new field to
be explored. As one of the most convenient characterization
methods of 2D magnets, Raman spectroscopy is expected to
be used in more experimental work to explore the fundamen-
tal physicochemical properties of 2D magnetic vdW materials.

Considering the ultralow frequency Raman spectroscopy,
which has been widely used to measure the interlayer coupling
in 2D vdW materials and heterostructures, we anticipate that
it will be of great use in detecting the magnetic coupling in 2D
magnetic heterostructures. In much lower frequency regime
below 5 cm™!, we expect that the Brillouin spectroscopy will
be powerful to reveal the strength of the exchange, anisotropy,
topology, symmetry, and magnons in magnetic vdW materials
and devices.
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