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Abstract: Recently, two-dimensional magnetic materials (2DMMs) have become a focused research direction in a broad range
of two-dimensional materials, due to their underlying significance in fundamental research, as well as in technologically
relevant applications for future spintronics, magnonics, quantum information and data storage. The rich toolbox of 2DMMs and
their diverse tunability have enabled the unprecedented research concerning the two-dimensional magnetic order down to
single atomic layer of materials, much beyond the classical thin film magnetism, showing an extremely promising avenue
towards electronics, magneto-optics and photonics. Among various degrees of freedoms, the interaction between spin and
phonon (i.e., quanta of lattice vibration), hence the so-called spin-phonon coupling, serves as an important tuning knob to
explore the two-dimensional magnetism, creates new types of quasiparticles and controls the magnetic order. This review
overviews the latest developments in spin-phonon coupling investigations in 2DMMs. Various techniques utilizing spin-
phonon coupling to investigate two-dimensional magnetism are discussed. Recent progress in tuning two-dimensional mag-
netic order based on spin-phonon coupling is also summarized, with a focus to understand the new functionalities. Furthermore,
device developments and concepts based on spin-phonon coupling are briefly discussed. This review will provide our per-
spectives on the existing challenges and future directions in spin-phonon coupling research in 2DMMs and their functional
devices.
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Introduction

Recent breakthroughs in realizing true two-dimensional magnetic materials (2DMMs) sparked renewed
interest for the next-generation spintronics [1], magnonics [2], and quantum information technology [3,4].
2DMMs have shown intriguing properties in spin tunneling junctions [5], spin valves [6], topological
superconductivity [7], etc. Among various degree of freedoms and their interactions, spin-phonon coupling is
one of the most important interactions that correlate the charge, spin and lattice vibrations, extensively
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investigated in prior literature in traditional three-dimensional (3D) multiferroics [8,9]. Strong spin-phonon
coupling is also found ubiquitous in 2DMMs, including transition metal halides [10,11], transition metal
phosphorous tri-chalcogenides [12,13], ternary iron-based tellurides [14], transition metal oxyhalides [15],
and transition metal dichalcogenides [16].
From the perspective of fundamental investigations, spin-phonon coupling can stabilize two-dimensional

(2D) long-range magnetic order [17] and modulate the symmetry of materials [18], leading to the emergence
of novel phenomena or quasiparticles [19]. In addition, the stretching or deformation of 2DMMs can modify
the spin-related mechanical, electrical and optical properties through spin-phonon coupling [20,21]. In terms
of applications, spin-phonon coupling attributes 2DMM-based spintronic devices a rich tuning knob flex-
ibility, such as manipulation of magnetic order, propagation of spin waves and transport of spin currents. In
particular, through spin-phonon coupling high-speed spintronic or magnonic devices based on 2DMMs can
be realized. For example, fast antiferromagnetic spintronic devices can be developed by phonon excitations
triggered by THz lights, benefited from the zero stray fields of antiferromagnets [22]. Spin-phonon coupling
is also one of the main mechanisms of qubit decoherence [23]. Therefore, controlling the spin-phonon
coupling can potentially improve the lifetime of qubits. Moreover, based on the spin-phonon coupling,
spintronic devices utilizing the spin Seeback effect can also be developed [17,24].
Spin-phonon coupling can be used as an effective tool to identify 2D magnetism. The Mermin-Wagner

theorem states that the long-range 2D magnetism does not exist in isotropic Heisenberg magnets [25]. Later
the experimental discovery of intrinsic 2DMMs verified the existence of long-range magnetic order in two
dimensions and clarified the applicable conditions of Mermin-Wagner theorem [26,27]. Since the char-
acterization methods of thin-layer magnets, especially monolayer magnets, are quite limited [28], the ap-
plication of spin-phonon coupling effect plays an important role in verifying atomic-thick 2DMMs,
especially monolayers. In addition, compared with magneto-optical Kerr effect (MOKE), magnetic circular
dichroism (MCD) and other methods that only detect the magnetic order based on the net magnetic moment
of materials, spin-phonon coupling based methods do not have such constraint and thus offer more ad-
vantages, which is applicable in antiferromagnets and other novel magnetic materials with or without net
magnetic moment. For example, before Cr2Ge2Te6 was confirmed to be a 2DMM, its phonon behavior was
reported to exhibit an anomalous variation near the Curie temperature (TC) by Raman spectroscopy [29].
Besides that, the spin-phonon coupling effect led to the discovery of 2D antiferromagnetism in monolayer
FePS3 [12,30]. It has been found in 2D itinerant ferromagnetic Fe3GeTe2 the magnetic order significantly
enhances the frequency softening and intensity of certain phonon modes [31]. In magnetic material VI3, 2D
magnetism was characterized by the circularly polarized Raman intensity of phonons [32]. In CrBr3, the
phonon frequency and intensity anomalies due to spin-phonon coupling were identified [33]. Later the spin-
phonon coupling induced negative thermal expansion was also discovered in CrBr3 [34].
In addition to verifying the 2D magnetic order in atomically thin layers, the spin-phonon coupling is also

investigated systematically as an important coupling mechanism and utilized to manipulate the magnetic
properties in 2DMMs. Researchers found that the interlayer interaction in bilayer CrI3 can regulate the
exchange correlation through the spin-lattice coupling, thereby determining the interlayer magnetism of
bilayer CrI3 [10]. Furthermore, the spin-phonon coupling in 2DMMs exemplifies the frequency or intensity
anomaly of phonons, such as the cases in CrSBr [35] and CrOCl [36]. Moreover, the arrangement of spins
can induce the change of Raman selection rules in certain materials [18,32]. The presence of magnetic order
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activates or suppresses the Raman activity of the phonon mode by modifying the parity, showing spin-
phonon coupling effect. The hybridization of phonons and magnons will lead to the formation of quasi-
particles with novel topological properties [16,19], which may affect the thermal conductivity and other
properties of materials. In novel 2D Kitaev quantum spin liquid materials α-RuCl3, the spin-phonon coupling
regulates the thermal conductivity, which increases by two orders of magnitude under high magnetic fields
[37]. Another case that the intriguing physical phenomenon originating from the spin-phonon coupling was
reported in MnBi2Te4. A1g mode phonons in this material strongly modulate the interaction of interlayer
exchange, which is an important reason leading to the appearance of its topological insulating phase [38]. The
control of lattice degree was also utilized to reveal different interlayer magnetic orders in CrBr3 [39]. Lately,
the application of strain to 2DMMs can greatly modify the magnetic order. It has been demonstrated that the
strain can be used to enhance the ferromagnetism in monolayer Fe3GeTe2, and control Néel vector in MnPSe3
[14,40]. In CrSBr, a reversible magnetic phase transition has been realized by applying the strain [21]. As
shown in Figure 1, developing from a tool for unveiling the 2D magnetism to a route of modifying the
magnetic properties, the exploiting of spin-phonon coupling effect shows great potential in spintronics and
magnonics.
For this rapidly developing field, we believe that it is timely and pressing to overview the latest devel-

opment in the spin-phonon coupling in the large family of 2DMMs. We organize this comprehensive review
in the following layout. Firstly, we will summarize the latest developments of spin-phonon coupling in
several typical 2DMMs and the relevant theoretical investigations; secondly, we will review various tech-
niques utilizing spin-phonon coupling to investigate the two-dimensional magnetism; thirdly, we will
highlight several experimental approaches in tuning two-dimensional magnetism based on spin-phonon

Figure 1 The timeline for spin-phonon coupling related investigations in two-dimensional magnetic materials (2DMMs). Adapted with
permission from [12,18–21,26,27,30,41–47]. Copyright©2016, IOP Publishing; Copyright©2020, Springer Nature; Copyright©2021,
American Physical Society; Copyright©2019, Springer Nature; Copyright©2022, Springer Nature; Copyright©2017, Springer Nature;
Copyright©2017, Springer Nature; Copyright©2016, American Chemical Society; Copyright©2015, American Chemical Society. Copy-
right©2018, The Author(s). Copyright©2018, Springer Nature; Copyright©2019, Springer Nature; Copyright©2020, Springer Nature;
Copyright©2020, Springer Nature; Copyright©2021, American Association for the Advancement of Science.
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coupling effects; at last, we will briefly discuss device developments and concepts based on spin-phonon
coupling.

The development of spin-phonon coupling investigation in 2DMMs

Synthesis and assembly

The 2D materials with atomic-scale thickness can be obtained by two strategies: one is bottom-up including
chemical vapor deposition (CVD) and molecular beam epitaxy (MBE); the other is top-down approach know
as mechanical exfoliation from bulk crystal. Mechanical exfoliation from bulk crystal is a facile method,
which can make samples with high crystalline quality and good repeatability. Thus, we will summarize the
bulk crystal synthesis of 2D magnets in Table 1. Most of the 2D magnets can be synthesized by solid-state
reaction in sealed quartz tubes such as chemical vapor transport (CVT) and flux methods.
Recently, 2D hybrid organic-inorganic perovskite (HOIP) is a kind of popular materials due to its quantum-

well-like structures and abundant composition combination [48]. The design of the organic cation and metal
ion would endow 2D HOIP with fruitful properties including magnetism. For example, AMCl4 (A = organic
cation; M = Fe, Mn, Cr, and Cu), a relatively new family of 2D HOIPs, extracted considerable attention due
to the presence of magnetism [49]. Furthermore, if we choose a suitable organic cation in magnetic 2D
HOIPs, we can introduce ferroelectricity in the same crystal to obtain the multiferroicity in 2D limits [49–53].
Even though 2D HOIPs can be mechanically exfoliated [54], the magnetic properties of atomically thin 2D
HOIPs are rarely reported. The replaceable organic cations, metal ions and (pseudo) halogen provide a broad
prospect for the investigations of magnetism in 2D HOIP.

The coupling among charge-lattice-spin degrees of freedom in 2DMMs

Electric, lattice and magnetic properties of 2DMMs

2DMMs have a wide variety of electronic structures [4,107–109]. With the fast expansion of their family
members in recent years, 2DMMs have so far covered insulators, semiconductors, metals and semimetals,
providing fertile material resources and a rich toolbox for fabricating spintronic and magnonic functional
devices. The insulating ferromagnetic chromium trihalides CrX3 (X = I, Br, Cl) have electronic bandgaps in
the range of 1.2–3.1 eV [110]. Similarly, the optical bandgaps of insulating antiferromagnetic MPX3 (M =
Mn, Fe, Ni; X = S, Se) range from 1.3 to 3.5 eV [41]. In contrast, the ferromagnetic Cr2X2Te6 (X = Ge, Si) are
semiconducting with smaller bandgaps of ~0.4 eV, and ferromagnetic Fe3GeTe2 is metallic [111]. Due to the
reduced electromagnetic screening of 2D materials, 2DMMs also show various intriguing electronic prop-
erties, such as increased electron correlation, large exciton binding energy, and flexible control of charge
concentrations by electrostatic gating [28].
Due to the 2D lattice structures, the electronic and magnetic properties of 2DMMs are determined by both

intralayer strong covalent bonds and interlayer weak van der Waals interactions, the latter of which has been
paid more attention since the interlayer coupling is an important tuning knob to modulate the fascinating
properties in 2DMMs. Most of the 2DMMs are readily to be exfoliated into monolayer of atomic thickness.
The large interface-to-volume ratio of thin 2DMMs makes it plausible to modify the properties of 2DMMs
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Table 1 Single-crystal synthesis for van der Waals magnetic materials (The type of magnets is divided based on the experimental or
theoretical results. The priority concerning the classification is given to the experimental methodologies.)

Type of magnets Crystal Transport agent/reaction Temperature (°C) Ref.

Ferromagnets

Cr2Ge2Te6 Te self-flux 700 [55]
Cr2Si2Te6 Te self-flux 500 [56]
Fe3GeTe2 I2 750–700 [57]
VTe2 I2 900–810 [58]
VSe2 I2 820–720 [58]
VS2 I2 900–850 [59]
MnSe2 ICl3 600–540 [59]

CrI3 Auto transport 630–550
650–350

[60]
[61]

CrBr3 Auto transport 750–200 →750–650 [33]
GdI2 Auto transport 827 [62]
VI3 Auto transport 650–550 [63]
VS2 I2 900–850 [64]
InP3 Auto transport 1200 [65]
GaSe Auto transport 990–850 [66]
GaS I2 850–750 [67]

α-MnO2 KOH 650 [68]

Antiferromagnets

FePS3 I2 650–600 [41]
FePSe3 I2 650–600 [41]
MnPS3 I2 650–600 [41]
MnPSe3 I2 650–600 [41]
NiPS3 I2 650–600 [41]
NiPSe3 KCl-AlCl3 flux − [69]

CuCrP2Se6 SeCl4 650–600 [70]
AgCrP2S6 I2 800–750 [71]
AgVP2S6 Auto transport 600 [72]

CrSe2
Oxidation of KxCrSe2(X~1)
with iodine in acetonitrile [73]

CrTe2
Oxidation of KCrTe2

with iodine in acetonitrile [74]

CrTe3 KCl-AlCl3 flux 450–425 [75]
Ni3Cr2P2S9 Auto transport 800 [76]
MnBi2Te4 I2 590 [77]
MnBi2Se4 I2 800–700 [78]
CrCl3 Auto transport 720–600 [79]
FeCl2 AlCl3 350–250 [64]
FeBr2 Ar 500 [80]
FeI2 I2 550 [81]
MnBr2 Br2+Mn in ether Room temperature
CoCl2 AlCl3 400–300 [64]
CoBr2 AlBr3 345–245 [64]
NiCl2 AlCl3 350–300 [64]
VCl2 I2 350–400 [82]
VBr2 I2 350–400 [82]
VI2 I2 580–520 [64]
FeCl3 Cl2 593→575–588 [83]
FeBr3 Br2 150–200 [84]
CrOCl Cl2 940–840 [64]
FeOCl I2 400–380 [85]
VOCl Auto transport 1030–980 [86]
CrSBr Br2 700–900→900–850 [87]
MnCl2 AlCl3 400–350 [64]
VCl3 Cl2 300–250 [64]
VBr3 Auto transport 480 [88]

AFeCl4 (A = organic cation) Self-assemble in solution Room temperature [89,90]
AMnCl4 (A = organic cation) Self-assemble in solution Room temperature [91]

(To be continued on the next page)
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through proximity or interface effect. 2DMMs also exemplify good mechanical flexibilities, with magnetic
properties hinged on structural parameters, suggesting a possibility to apply tensile and compressive strain to
modulate new functionalities [28]. Since there are no dangling bonds on the surface, it is convenient to stack
2DMMs with the same or different compounds to form homo- or heterostructures with desired special
properties and functions. 2DMMs can also form superlattice structures to investigate the strong coupling
between light and matter [112]. The rotational angle between adjacent layers becomes a meaningful knob to
tune the interlayer couplings. With moiré patterns formed, magnetic domains with different magnetic orders
can be obtained in a single heterostructure [113].
The magnetism of 2DMMs comes from the directional arrangement of spin angular momentums of

unpaired electrons in magnetic ions. According to spin dimensionality n, 2DMMs can be grouped into Ising,
XY and Heisenberg types with n = 1, 2, and 3, respectively. Till now, there are several magnetic phases
observed experimentally in 2D materials, such as ferromagnetic phases, antiferromagnetic phases, spin
liquids, magnetic skyrmions, and so forth. According to the in-plane magnetic order, 2DMMs can be divided
into intralayer ferromagnets and antiferromagnets. Determined by the 2D lattice structure, the magnetic
screening effect in 2DMMs is generally weak compared to 3D magnets. Thus the magnetic properties of
2DMMs can be readily tuned by the external magnetic field or proximity effect making it possible to
fabricate 2DMM-based spintronic or magnonic devices with low-energy cost [4].

Charge-lattice-spin coupling in 2DMMs

The 2D lattice structure is the main physical origin of the quantum confinement of 2DMMs, leading to layer-

(Continued)
Type of magnets Crystal Transport agent/reaction Temperature (°C) Ref.

Multiferroics

CuCrP2S6 Auto transport 650–600 [70]
CuCl2 AlCl3 450–350 [64]
CuBr2 CuO + HBr solution Room temperature [92]
NiBr2 AlBr3 345–245 [64]
NiI2 I2 750–700 [93]
CoI2 I2 500–425 [93]
MnI2 I2 590–420 [94]
SnO SnCl2·2H2O + NaOH hydrothermal 180 [95]
GeS I2 863–788 [96]
GeSe I2 570–450 [97]
SnS I2 950–850 [98]
SnSe Auto transport 790–740 [99]
GaTeCl Auto transport 260–270 [100]
CrN Cr-Ga-Na 850 [101]
CrB2 Al 1550 [102]

ACuCl4 (A = organic cation) Self-assemble in solution Room temperature [49–51]
ACrCl4 (A = organic cation) Self-assemble in solution Room temperature [52,53]

Proximate
Kitaev quantum

spinliquid
α-RuCl3 Cl2 550 [103]

Half metals
MnF3 F2 500 [104]
MnSSe I2 945–850 [64]
TiCl3 AlCl3 300–250 [64]

Spin-Peierls
TiOCl HCl,TiCl3 650–800→520–600 [105]
TiOBr Br2 650–550 [106]
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dependent and direction-dependent thermal, optical, electronic and magnetic properties. Therefore, the
behavior of the lattice dimension in 2DMMs is naturally coupled with its electron and spin degrees of
freedom. Since most of the 2DMMs contain magnetic ions with partially-filled d-orbitals, the arrangement of
electrons and spins in d-orbitals determines the magnetism, which has been experimentally verified
[114,115]. According to the Mermin-Wagner theorem, long-range magnetic order in spin-rotational invariant
2D systems does not exist [25]. However, with the existence of magnetic anisotropy, the spin-rotational
invariance is broken thus the existence of long-range magnetic order becomes allowed. In 2016 and 2017, the
existence of intrinsic 2DMMs is verified experimentally [12,26,27,30]. As an important component of
magnetic anisotropy, single-ion anisotropy originates from the interplay of spin-orbit coupling and the crystal
field. The existence of critical spin-orbit coupling couples the electron and spin degrees of freedom together,
making the strong spin-charge coupling a prevailing correlation effect in 2DMMs. Therefore, the rational
manipulation between the electronic properties and magnetic properties of 2DMMs can be carried out, and
functional devices can be developed based on these spin-charge couplings. For example, the magnetic order
of materials can be controlled by modulating the charge doping with an electrostatic gating [111]. In the spin-
filter van der Waals heterostructures, the tunneling magnetoresistance is giant, which can push the magnetic
information storage to the atomic thickness [116].

Spin-phonon coupling in 2DMMs

(1) Chromium trihalides (CrX3)
CrX3 (X = Cl, Br, and I) are among the most extensively studied 2DMMs. The oxidation state of Cr in this

compound is expected to be +3, with an electronic configuration of 3s03d3. The crystal lattice of CrX3 is
shown in Figure 2A [117]. In a single layer of CrX3, the magnetic Cr ions form a honeycomb lattice and are
sandwiched between two X layers. Bulk chromium trihalides have a rhombohedral structure with the R3
symmetry at low temperatures, and a monoclinic structure with the C2/m symmetry at high temperatures.
CrX3 has intralayer ferromagnetic order with spin dimensionality being n = 1, 2 and 3 for X = I, Br and Cl,
respectively. Bulk CrI3, CrBr3 and CrCl3 have TC at about 27, 47, and 70 K respectively [118,119], and the
theoretical bandgaps of monolayer CrI3, CrBr3 and CrCl3 are about 2.6, 1.33, and 1.06 eV accordingly [120].
In CrX3 family, CrBr3 and CrCl3 are considered to be ferromagnetic insulators while CrI3 is considered to be a
ferromagnetic semiconductor. One of the unique features of few-layer CrX3 is that their net magnetic moment
depends on the parity of the layer numbers [10,26]. This behavior originates from their A-type anti-
ferromagnetism, where the spins arrange ferromagnetically in each single layer while couple anti-
ferromagnetically between neighboring layers. As a result, the magnetic moments of neighboring layers
mutually offset, leading to a zero net magnetic moment in the whole CrX3 with even layer numbers [26]. It
has been found that the interlayer magnetism of CrI3 and CrBr3 depends on the layer stacking order, which
can be tuned by high pressure [20]. The materials are ferromagnetic with monoclinic stacking order, while
they become antiferromagnetic with rhombohedral stacking order [10]. The control of magnetism by fab-
ricating twisted heterobilayers further demonstrates the close correlation between lattice and magnetism in
CrX3 [47]. The Raman scattering selection rule of phonons in CrX3 is decided by the magnetic order [18], and
the intensity and frequency of phonon peaks are influenced by intrinsic magnetic order and external magnetic
field [33,121]. Theoretical calculations showed that the magnon-polaron could be formed by the coupling of

Natl Sci Open, 2023, Vol.2, 20230002

Page 7 of 32



a topological magnon and a chiral phonon in 2D magnetic hexagonal lattice materials, thus regulating the
transport properties of the magnons and the mechanical properties of the material [33,122,123].
(2) Metal phosphorus trichalcogenides (MPX3)
The bulk MPX3 (M = Mn, Ni, Fe; X = S, Se) has a monoclinic crystal structure. The M atoms are

coordinated with six S atoms, while three S atoms and one P atom are coordinated to form a [P2S6]4− skeleton.
The magnetic M ions are arranged in a 2D honeycomb structure. The crystal lattice of MPX3 is shown in
Figure 2B [41]. MPX3 are intralayer antiferromagnets. Among them MnPS3 has intralayer Néel-AFM of
Heisenberg type, NiPS3 has zigzag-AFM of XY-type and FePS3 has zigzag-AFM of Ising type. The Néel
temperatures (TN) of MnPS3, NiPS3, FePS3 are 78, 150, and 120 K, respectively [124]. MPX3 have different
interlayer exchange interactions with varying X. MnPS3 and NiPS3 have interlayer ferromagnetism while
FePS3 has interlayer antiferromagnetism [124]. Strong spin-phonon coupling effects have been observed in
MPX3. In FePS3, the activation of zone-boundary phonons is observed due to the presence of the magnetic
order [12,30]. At a strong magnetic field, the strong couplings between magnon and phonon are discovered in
FePS3 [19]. Similarly, the phonon frequencies show sudden shifts caused by the formation of magnetic order
in MnPS3 [13]. In MnPSe3, the hybridization of magnon and phonons were reported [125]. Moreover, strain is
found to be effective to tune the magnetic order and spin angular moment in MnPSe3, indicating the existence
of strong spin-phonon coupling effect [40]. In NiPS3, the splitting of phonon peaks caused by magnetic order
was observed [126]. Benefiting from this effect, it is found that the XXZ-type antiferromagnetism is sup-
pressed drastically with the reduction of thickness, due to the thermal and spin fluctuations of the 2D lattice
[126]. It is worth noting that NiPS3 is a strongly correlated electron system, where coherent many-body
excitons with a strong coupling to optical phonons have been observed in the antiferromagnetic state [127–
129].
(3) Ternary compounds MXY
Bulk MXY (M = transition metal; X = O, S, Se, Te, N; Y = Cl, Br, I) has an orthogonal lattice structure as

shown in Figure 2C [130]. In a single MXY layer, M2X2 layer is sandwiched by two Y layers, and M ions are
at the center of the octahedron formed by X and Yatoms. The magnetic ions form a rectangular lattice instead
of a honeycomb lattice in a single MXY layer, which is different from the case of compounds in CrX3 and
MPX3 families. Among MXY, CrSBr [131] and CrOCl [132] were investigated extensively. CrSBr are also
A-type antiferromagnets, so its monolayer counterpart is predicted to have intrinsic ferromagnetism [131].
Bulk and monolayer CrSBr has similar magnetic phase transition temperature at ~140 K, which can be
probed by the variation of Raman spectra induced by the formation of magnetic structures [133]. Moreover, a
strain modulation has been demonstrated to induce reversible magnetic phase transition in CrSBr [21],
suggesting a strong coupling between the lattice and spin structures. CrOCl has an intralayer stripy-anti-
ferromagnetism with TN ≈ 14 K and spin-density-wave (SDW) transition temperature at about 27 K [36]. X-
ray diffraction shows that the magnetic phase transition is accompanied by a structural phase transition [134],
indicating the existence of strong coupling between spin and lattice degrees of freedom. The strong spin-
phonon coupling in CrOCl is further verified by the observation of the abrupt shift of the phonon frequencies
by Raman spectroscopy at TN [36]. Besides, in VOCl, several Raman-active modes show remarkable fre-
quency deviations below TN [135], which is due to strong spin-phonon coupling inside.
(4) Fe3GeTe2 and Cr2Ge2Te6
Fe3GeTe2 (FGT) interests the research field due to its itinerant ferromagnetism with TC higher than 200 K.
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FGT crystallizes in a hexagonal lattice structure as shown in Figure 2D [111]. The ferromagnetism in FGT
has been verified to maintain from bulk down to monolayer [136]. Notably, the TC of FGT can be tuned to
room temperature by electrostatic gating, implying its great application potential in spintronics [111].
Moreover, the spin-phonon coupling in FGT modifies the phonon energy and gives rise to enhancement of
Raman susceptibility under magnetic order [31]. It is also found that the ferromagnetism in FGTcan be tuned
by applying strain [14]. By selecting different substrates, the TC of layered FGT can be modulated sig-
nificantly due to the lattice distortion and charge redistribution between the interfaces [137].
Cr2Ge2Te6 (CGT) is a ferromagnetic insulator. The magnetic ions Cr in a single layer form a honeycomb

lattice. The crystal lattice of CGT is shown in Figure 2E [27]. Bulk CGT possesses both interlayer and
intralayer ferromagnetic coupling. When the thickness increases from bilayer to bulk, TC increases from 30 to
70 K. Raman study uncovers strong spin-phonon coupling in CGT [29] by observing phonon modes splitting
and phonon energy upturn with the formation of ferromagnetic order. In monolayer CGT, theoretical cal-
culations show that certain specific phonon modes couple with spins intensively and modulate the direct
exchange interaction between Cr-Cr [17]. Recently, Zhu et al. [138] found experimentally that the significant
anisotropic lattice constructed by the interlayer van der Waals force and the intralayer covalent bond can
induce anisotropic spin-orbit field and the spin orientation-dependent band splitting in CGT, indicating that
spin-phonon coupling has a profound influence on the magnetic and electric properties of CGT.

Theoretical investigations of spin-phonon coupling in 2DMMs

The lattice parameters involving the magnetic ions could influence the magnetic order drastically. The spin-
phonon coupling has been investigated theoretically in 2DMMs which provides important guidelines and
explanations for experimental investigations. Typically, the total energies of different magnetic phases can be
calculated and compared to predict the most stable magnetic order with specific lattice structures or atomic

Figure 2 The lattice structure of (A) chromium trihalides CrX3 (X = Cl, Br and I). Adapted with permission from [117]. Copyright©2018,
American Physical Society. (B) Metal phosphorus trichalcogenides MPX3 (M = Mn, Ni, Fe; X = S, Se). Adapted with permission from [41].
Copyright©2015, American Chemical Society. (C) MXY (M = transition metal; X = O, S, Se, Te, N; Y = Cl, Br, I). Adapted with permission
from [130]. Copyright©2021, Royal Society of Chemistry. (D) Fe3GeTe2 and (E) Cr2Ge2Te6. Adapted with permission from [111] and [27],
respectively. Copyright©2018, Springer Nature; Copyright©2017, Springer Nature.
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displacements [139]. The first-principle density functional theory (DFT) calculations have been conducted to
investigate the spin-phonon coupling effect in 2DMMs. For example, on the basis of the electronic and
magnetic structure calculated by DFT method, the tensile and compressive lattice changes (estimated from
the applied strain) were given to MnPSe3 [140]. In detail, the energy difference between the ferromagnetic
and the antiferromagnetic states is calculated to estimate the stability of the antiferromagnetic order, and a
large strain of ~13% is predicted to induce a phase transition from the antiferromagnetic to the ferromagnetic
states [140] as is shown in Figure 3A. The interesting stacking-order-dependent magnetism in bilayer CrI3
was also well explored by calculation. The modulation of interlayer exchange interactions by lattice stacking
is uncovered, which uncovered that the AB-stacking stabilizes a ferromagnetic state, while AB’-stacking
stabilizes an antiferromagnetic state [10] (Figure 3B). Webster et al. [11] calculated the phonon dispersion
and partial phonon density of states of CrI3 monolayer in the antiferromagnetic and the ferromagnetic orders,
indicating a clear influence on the phonon properties from the magnetic orders (Figure 3C). They also
observed a visible shift of the optical phonon branches between the two magnetic states, suggesting a strong
spin-phonon coupling in CrI3. Besides that, the calculation study of Cr2Ge2Te6 suggests that the ferromag-
netic state becomes more stable when the lattice is stretched [17]. Go et al. [16] theoretically investigated the
magnon-phonon hybridization in 2D ferromagnets, and concluded that the magnon-polarons are topologi-
cally nontrivial and their topological properties can be tuned by the external magnetic field. For monolayer
Fe3GeTe2, Hu et al. [14] investigated the strain-dependent total energy at different magnetic orders on
optimized lattice structure with spin-polarized DFT calculation. It was revealed that the distance of Fe ions

Figure 3 Theoretical investigations of spin-phonon coupling in 2DMMs. (A) Schematic of magnetic coupling change in monolayer
MnPSe3 induced by biaxial strain. Adapted with permission from [140]. Copyright©2018, Springer Nature. (B) The interlayer exchange
energy landscape for different stacking orders in bilayer CrI3. Adapted with permission from [10]. Copyright©2018, American Chemical
Society. (C) Raman spectra of CrI3 monolayer with parallel polarization laser setup showing different features in AFM and FM states.
Adapted with permission from [11]. Copyright©2018, Royal Society of Chemistry. (D) Magnetic phase transition in monolayer CrOCl
induced by uniaxial strain. Adapted with permission from [15]. Copyright©2020, Royal Society of Chemistry. (E) Calculated total energy of
the ferromagnetic (black squares) and antiferromagnetic (red circles) states for the atomic displacement of certain phonon modes in the
ferromagnetic monolayer CrBr3. Adapted with permission from [141]. Copyright©2022, John Wiley & Sons, Inc.
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and Fe–Te–Fe angles changes with the applied strain, resulting in the stability of ferromagnetic order with
tensile strain. Qing et al. [15] used the first-principle DFT calculation to obtain the ground state of intralayer
ferromagnetic order and interlayer antiferromagnetic order in unstrained CrOCl, and then theoretically
predicted that the magnetic phase transition between ferromagnetic and antiferromagnetic states can be
achieved by applying strains along a-axis and b-axis as is shown in Figure 3D. Other than fixing specific
lattice geometry, the energy changes of magnetic phases are also calculated with respect to lattice dis-
placement of specific phonon modes in the spin-phonon investigation of monolayer CrBr3 by Wu et al. [141]
as shown in Figure 3E. Pandey et al. [142] calculated the phonon dispersion between different magnetic
states in monolayer CrBr3 and CrI3, and investigated the strain-dependent thermal conductivity to figure out
the relation between the strong spin-phonon coupling and phonon transport in two types of materials.
Similarly, Liu et al. [143] theoretically investigated how the spin-phonon coupling affects the geometric
structure, phonon frequency, thermal transport, and magnetic stability of magnetic semiconductor mono-
layers of MX3 (M = Fe, Ru; X = Cl, Br, I) and CrI3, which uncovers the important role the spin-phonon
coupling played on thermal transport properties. The theoretical investigations of spin-phonon coupling in
2DMMs provide rich information and insights on uncovering magnetism-mediated thermal and mechanical
properties, which is beneficial to magnetism engineering by modifying the lattice or phonon excitations.

Variation of phonon properties with magnetic order in 2DMMs

Phonons are quanta of lattice vibration. Raman spectroscopy is a powerful experimental method to detect the
phonon properties and their interplay with other quasiparticles in condensed matter [144]. Due to energy and
momentum conservation, Raman spectroscopy usually probes the inelastic scattering between electrons and
zone-center optical phonons, since the momentum of photons is much smaller compared with the lattice
momentum. The phonon modes are generally sensitive to the structural phase transition, as well as other
variations of lattice structure (i.e., symmetry or dimensionality changes or defects/disorders in lattices),
manifested as variations of important spectroscopy parameters such as peak position, intensity and linewidth.
In contrast, phonons are usually insensitive to the magnetic ordering in most of materials. However, bene-
fiting from the various spin-phonon coupling, phonon can become a meaningful probe to examine the spin
properties by optical spectroscopy methods.

Emerging phonon modes with magnetic ordering

Since the achievement of atomically thin layers of van der Waals magnetic crystals in early 2016, the effort
has been devoted to searching the long-range magnetic ordering in “true” 2D systems [41]. In order to obtain
clear evidence of the persistence of magnetic properties down to monolayer thickness, early investigations
are focused on seeking significant signatures accompanied by the magnetic phase transition by electrical or
optical measurements. The breakthrough was from the Raman spectroscopy studies of monolayer FePS3 by
Wang et al. [12] and Lee et al. [30]. Without any structural phase transition happening, the specific zigzag
antiferromagnetic ordering of FePS3 results in a primitive cell expansion and a concomitant Brillouin-zoom
folding when the materials transit from the paramagnetic phase to the antiferromagnetic phase. As a result,
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when the temperature goes across its TN (~118 K), an asymmetric and broad peak at ~100 cm−1 can be
observed in the paramagnetic phase, while it splits into two symmetric peaks at ~88 and 95 cm−1 at anti-
ferromagnetic phase (Figures 4A and 4B). By tracking the characteristic Raman mode, a magnetic phase
transition can be experimentally verified in monolayer FePS3 [12,30]. The case is not limited to antiferro-
magnets. Tian et al. [29] observed strong spin-phonon coupling effects prevailing down to few-layer fer-
romagnet—Cr2Ge2Te6, where a peak splitting arises as the temperature goes down across TC (Figure 4C). The
splitting of the Eg peak is ascribed to the time-reversal symmetry breaking by the spin ordering.
Spin-phonon coupling provides an effective way to detect the magnetism in 2D layers and launches the

early exploration on 2D magnetism via Raman spectroscopy before the discovery of 2D ferromagnetism in
monolayer CrI3 and bilayer Cr2Ge2Te6 by MOKE [26,27], which has sparked tremendous interest in mag-
netism in 2D monolayer limit. After that, spin-phonon coupling continues to play a significant role in the

Figure 4 Variation of phonon properties with magnetic order in 2DMMs. (A) Evolution of zone-boundary phonon in monolayer FePS3 by
Raman spectroscopy. Adapted with permission from [12]. Copyright©2016, IOP Publishing. (B) Temperature-dependent Raman spectra in
monolayer FePS3 around TN. Adapted with permission from [30]. Copyright©2016, American Chemical Society. (C) Temperature-dependent
Raman spectra in few-layer Cr2Ge2Te6 near TC. Adapted with permission from [29]. Copyright©2016, IOP Publishing. (D) Magnetic-field-
dependent Raman mode of bilayer CrI3 in the cross-linear scattering channel. Adapted with permission from [18]. Copyright©2020, Springer
Nature. (E) Variation of phonon energy at around TN in MnPS3. Adapted with permission from [13]. Copyright©2019, American Chemical
Society. (F) Magnon-phonon strong coupling in FePS3 at high magnetic fields. Adapted with permission from [19]. Copyright©2021,
American Physical Society. (G) Hybridization of two-magnon excitations with two phonons in MnPSe3. Adapted with permission from [125].
Copyright©2021, The Author(s). (H) Probing the ferromagnetism and spin wave gap in VI3 by helicity-resolved Raman spectroscopy.
Adapted with permission from [32]. Copyright©2020, American Chemical Society.
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investigation of spin properties and their coupling to various excitations in 2DMMs. Similarly, as a semi-
conductor isostructural to the MPS3 system, Cr2Ge2Te6 is a Heisenberg ferromagnet with weak out-of-plane
anisotropy below its TC of 68 K. Raman measurements on exfoliated thin flakes also suggest the presence of
spin-phonon coupling and the suppression of magnetic quasi-elastic scattering [107].
Apart from the temperature-induced magnetic phase transition, the application of external magnetic fields

is another common, even more direct way to change the spin orders in the materials. Therefore, the in-
vestigations of magnetic-field-dependent phonon behaviors are also important approaches to studying the
spin-phonon coupling. Padmanabhan et al. [145] reported the interlayer magnetophotonic coupling in the
layered magnetic topological insulator MnBi2Te4. The anomalies in phonon scattering intensities were ob-
served across a magnetic-field-driven phase transition, which is a spin-flop transition from a layered anti-
ferromagnetic ground state to a canted antiferromagnetic state with an out-of-plane magnetic field of about
3.5 T [107]. When the spins in FePS3 order below TN, several phenomena can be observed with an application
of out-of-plane external field, including the appearance of a new Raman mode at around 110 cm−1 at
magnetic field B > 2 T and a clear splitting of 122 cm−1 peak from 0 to 9 T [146].
Besides the detection of spin-phonon coupling in 2D limits, Raman spectroscopy also offers the possibility

to probe a variety of excitations in 2D magnets. Jin et al. [60] reported spin wave excitations in the 2D Ising
honeycomb ferromagnet CrI3 by polarized micro-Raman spectroscopy studies. The definitive evidence of
two sets of zero-momentum spin waves at frequencies of 2.28 and 3.75 terahertz (THz) is demonstrated.
Different from bulk antiferromagnets, 2D CrI3 couples efficiently with external magnetic fields, where two
branches of THz spin waves with their lifetime on the order of 10–100 ps are identified.

The variation of phonon polarization induced by spins

As an important feature of phonon, the Raman polarizability also exhibits substantial variations when the
magnetic phase transition occurs in some specific 2D magnets with giant magneto-optical effects. In a fix
polarization configuration, the relative Raman peak intensity of the Ag

2 mode of CrBr3 significantly changes
with the increase of the magnetic field, in contrast to the field-independent behavior of Eg mode [33]. Several
research groups [18,147–149] have discovered the giant magneto-optical effect of Raman mode, i.e., Ag

1

mode located at ~130 cm−1, in atomically thin CrI3. Such magneto-phonon coupling results in a rotation of the
polarization angle of Raman signal, which reaches around two orders of magnitude larger than that of MOKE
signal [18,147]. Specifically, a sudden change of peak intensity in the cross-polarization configuration can be
observed when a field-driven spin-flip occurs in monolayer CrI3, while a clear peak shift of ~2 cm−1 was
captured when the spin orders are switched between the ferromagnetic and the antiferromagnetic sequences
in bilayer CrI3 (Figure 4D). In addition, Raman spectroscopy can also be applied in the detection of magnetic
sequence transitions in CrI3 with larger layer-number, although this polarization anomaly becomes weaker as
the number of layers increases. Similar effects can be found in 2D ferromagnetic VI3 [32].
Kim et al. [126] utilized Raman spectroscopy to report a suppression of magnetic ordering in anti-

ferromagnetic monolayer NiPS3, which is in stark contrast to the case in FePS3 [12,30]. This result is based on
the splitting of low-frequency modes at ~180 cm−1 and its variation of Raman polarizability due to the
presence of XXZ-type magnetic ordering, which is absent in the monolayer samples. As mentioned above,
Sun et al. [146] observed a new phonon mode at ~110 cm−1 at B > 2 T, whose polarization depends on the
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magnetic field. This phenomenon suggests a special polarization coupling mechanism arising from spin-
phonon coupling, which contributes a significant modification to the Raman tensor under the magnetic field.

Phonon frequency variation induced by spins

The study of Sun et al. [13] demonstrated a clear shift of Raman peak with the onset of antiferromagnetic
orders in MnPS3 when the temperature goes across its TN (Figure 4E). Similarly, the Fe3GeTe2 phonons soften
rapidly below 140 K, and the anharmonic model shows the deviation of the frequency of specific Raman-
active modes due to the spin-phonon coupling caused by the modulation of the super-exchange integral by
lattice vibrations [31]. A conventional hardening of phonons of CrBr3 with decreasing temperature is ob-
served due to the suppression of the anharmonic phonon-phonon interactions [33]. As a consequence, the
temperature dependence of Raman features becomes much stronger with the onset of magnetic ordering
below ~50 K. Choe et al. [38] investigated the electron-phonon scattering and spin-phonon coupling in few-
layer MnBi2Te4, which results in a slight red shift of A1g mode frequency when a phase transition from the
paramagnetic phase to the antiferromagnetic phase occurs. In contrast to the variations of Raman peak
position at the magnetic phase transition temperature, the spin-phonon coupling in some 2D magnets only
induces a different temperature-dependent trend on the phonon energy. The typical experimental observation
of this effect is an inflection point at TC (or TN) in the plot of temperature-dependent Raman frequency, such
as three phonon modes (Eg

4, Ag
1 and Eg

3) in Cr2Ge2Te6 [29] and two phonon modes (Eg
1 and Ag

2) in CrBr3 [33].
Another case that the spin-phonon coupling affects the phonon frequency has been widely explored in the

study of magnon-phonon strong coupling (or named magnon-polarons) in antiferromagnetic FePS3. Liu et al.
[19] and Vaclavkova et al. [150] observed a feature of field-driven anticrossing caused by a repulsive
interaction between the magnon and phonon modes when their energies are in resonance (Figure 4F). In
addition, at the field above 22.5 T, considerable redshift in phonon frequency and intensity suppression imply
a possible transition to the fully polarized state [19]. Furthermore, Mai et al. [125] demonstrated the
hybridization of two-magnon excitations with two phonons in MnPSe3 through temperature-dependent
magneto-Raman spectroscopy (Figure 4G).

Phonon mode intensity and linewidth affected by spins

It is well known that the lineshape profile (e.g., peak position, full width at half maximum and peak intensity)
of Raman-active modes changes systematically when the temperature is varied, regardless of the magnetic or
non-magnetic nature of the crystals, due to the temperature-dependent bond strength and anharmonicity.
Therefore, if the phonon behaviors are truly affected by the temperature-induced magnetic phase transition,
such spin-phonon coupling has to be scrutinized and carefully distinguished from the temperature-dependent
lattice effect. For FePS3, besides the clear activation of the zone-boundary phonon mode at ~88 cm−1, the
Raman mode located at ~150 cm−1 also exhibits a clear variation on both linewidth and intensity when the
temperature goes across its TN [12,30]. Ghosh et al. [151] conducted a systematic Raman study on higher-
frequency phonon modes in FePS3 and investigated its strong spin-phonon coupling based on the analysis of
the peak feature. Yin et al. [33] also found that the linewidths of Eg

1 and Ag
2 phonon modes decreased

dramatically with the onset of magnetic order at ~TC. This behavior extends from the first-order phonon
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scatterings to higher-order phonon scattering.
On the other hand, it is rather technical to extract the variation of linewidth and peak position of Raman-

active modes due to magnetic-field-induced phase transition (hence magnetic ordering), since the magnetic
field hardly affects the crystalline structures. Webster et al. [152] demonstrated that the frequency and
intensity of the Raman peak are strongly dependent on the magnetic order through the first-principles
calculations of phonon properties of single-layer CrI3, which indicates that the intensity of phonon modes is
sensitive to the magnetic order. In the experiment, Lyu et al. [32] reported that the magnetic orders can
greatly affect the Raman scattering characteristics of optical phonons in 2D VI3, resulting in different
scattering intensities when excited by left- and right-handed circularly polarized light (Figure 4H). Lyu et al.
[32] also reported a spin-wave gap induced by the large magnetic anisotropy in this material, based on the
observation of quasi-elastic scattering in the paramagnetic phase, which evolves into the acoustic magnon
mode at 18.5 cm−1 in the ferromagnetic phase.

The phonon dynamics modulated by spins

Magnetic order in 2DMMs such as CrI3, MnBiTe3, FePS3, NiPS3 and MnPSe3 is proved to be strongly related
to many-body interactions within each layer and interlayer interactions between layers [115,153–161]. To
understand the fundamental physics of these magnetic materials, steady-state optical spectroscopy mea-
surements like photoluminescence and Raman spectroscopy are widely used. Except for these traditional
methods, ultrafast spectroscopy has drawn more and more attention due to its unique capabilities in ex-
tracting the ultrafast dynamics down to sub-100 fs temporal resolution.
FePS3, a 2D Ising antiferromagnet on a honeycomb lattice, is one of the most promising materials for a

number of magnetic applications in spintronics and magnonics [162,163]. Using ultrafast magneto-optical
spectroscopy as shown in Figure 5A, a strong divergence in the demagnetization time is observed near the TN
[156]. The rise and decay time of the time-resolved optical rotation signal both peak at TN, at which the
magnetic order is sensitive to small perturbations. The typical slowing-down of spin dynamics is due to the
spin-spin interaction at the critical temperature and the longer decay time is attributed to the quasi-equili-
brium systems of magnons and phonons equilibrating with the substrate. Moreover, the amplitude of the
time-resolved optical rotation signal also peaks at TN, which further confirms the magnetic phase transition
process. Later, the magnon-phonon hybridization mode is excited and investigated by the ultrafast pump-
probe spectroscopy [164] as shown in Figure 5B, taking a step closer in controlling magnetic order optically
in FePS3. NiPS3, a van der Waals layered magnet with XXZ-type antiferromagnetism, is an intriguing
example of a strongly correlated 2D magnet because of the energetic competition between charge transfer
and Coulomb repulsion [145,165]. By selective pumping of orbital resonances with ultrashort pulses,
magnetic anisotropy, which can stabilize the long-range spin order, is well controlled, resulting in the
successful manipulation of its magnetic order [115], revealing strong spin-charge coupling in NiPS3. Besides
the direct interaction between spins and phonons, spin-phonon coupling can be also realized indirectly
through suitable intermediate particles or quasi-particles in 2D materials. By photoexciting the spin-orbit-
entangled excitons which originate from Zhang-Rice states in NiPS3, a transient metallic state with long-
range antiferromagnetism is realized [127]. The many-body excitons in NiPS3 also exhibit strong coupling to
optical phonons, and bridge the significant correlation between spins and phonons [159] as shown in

Natl Sci Open, 2023, Vol.2, 20230002

Page 15 of 32



Figure 5C. As a result, many-body exciton physics could be systematically investigated through a variety of
spectroscopy approaches, including photoluminescence, Raman, and ultrafast spectroscopy [128,129,155].
Ultrafast spectroscopy has been proved as a powerful method to study the many-body interaction in

2DMMs. It can also be applied to explore the interlayer interaction among these layered materials. MnBi2Te4,
a layered crystal that exhibits exotic quantum physics, is a novel magnetic topological insulator [166]. Using
time-resolved pump-probe reflectivity spectroscopy, coherent phonon oscillations from the interlayer
breathing mode are observed and the coherent oscillation frequency, the photocarrier and coherent phonon
decay rates are found strongly related to the interlayer coupling [158]. It is reported that the interlayer

Figure 5 Revealing spin-phonon coupling by ultrafast spectroscopy in 2DMMs. (A) Time-resolved optical rotation of the probe beam
detecting the spin dynamics mediated by phonon in FePS3. Adapted with permission from [156]. Copyright©2021, American Chemical
Society. (B) Amplitude of 3.2 THz phonon mode of FePS3 by measuring transient rotation. Adapted with permission from [164]. Copy-
right©2022, John Wiley & Sons, Inc. (C) Phonon replica of spin-orbit-entangled exciton detected in NiPS3 by ultrafast spectroscopy. Adapted
with permission from [159]. Copyright©2022, The Author(s). (D) Ultrafast signatures of magnetophononic coupling in MnBi2Te4. Adapted
with permission from [145]. Copyright©2022, The Author(s). (E) Coherent spin-coupled phonon dynamics in CrI3. Adapted with permission
from [161]. Copyright©2022, The Author(s).
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magnetic ordering can drive phase transitions between quantum anomalous Hall and axion insulator states in
MnBi2Te4. Furthermore, by exploiting the strong coupling of A1g phonons to exchange interaction, it is
possible to control the interlayer magnetic ordering in MnBi2Te4 as shown in Figure 5D [145]. Moreover, in
bulk CrI3, strong transient exchange-mediated spin-phonon interactions are reported using ultrafast optical
spectroscopy, highlighting the ultrafast magnetism control via spin-phonon coupling as shown in Figure 5E
[161].

Manipulating magnetic order through spin-phonon coupling

The control of magnetism with low-energy cost and high speed is crucial for driving 2DMMs from laboratory
to industrial scale. The ubiquitous spin-phonon coupling in 2DMMs provides a feasible route to achieve
magnetism-tuning conveniently. With the rapid expansion of the 2DMMs family, a variety of spin-phonon
coupling effects have been theoretically suggested and experimentally revealed. In this context, attempts and
realizations of controlling the magnetic ordering in 2DMMs via spin-phonon (i.e., magnetic-lattice) coupling
are also accumulating rapidly. The main controlling approaches include pressure, strain, and van der Waals
engineering, whose representative investigations are listed in Figure 6.

Pressure tuning

As a key factor to determine magnetic order in 3D magnets, the exchange interactions between spins are
strongly dependent on chemical bond lengths and angles, which can be well tuned by applying pressure. In
contrast to the 3D case, the van der Waals interaction and interlayer exchange coupling in 2DMMs play a
significant role in determining their magnetic properties. As a consequence, the application of pressure is
expected to be an effective way to modulate the magnetism in 2DMMs, especially whose interlayer exchange
interaction relies sensitively on the interlayer coupling, through the control of van der Waals gap distance and
stacking order. For FePS3 with typical 2D Ising antiferromagnetism at atmospheric pressure, Wang et al. [42]
applied the high pressure on FePS3 and induced 3D magnetism together with large in-plane lattice collapse,
abrupt spin-crossover, and insulator-metal transition. Astonishingly, with the suppression of long-range
magnetic order, FePS3 shows superconducting transition at 9 GPa, implying the potential relation between
2D magnetism and superconductivity [42] as shown in Figure 6A. In some specific cases, the new structural
phases and consequent magnetic phases can generate in 2DMMs at high pressure in FePS3 as shown in
Figure 6B [167]. The pressure-modulation of interlayer magnetic order was also achieved in extensive
studies on CrI3[20,44]. Theoretical research shows that the interlayer exchange correlation of CrI3 strongly
depends on the interlayer distance [168], which was then realized by high-pressure experiment. With the
application of high pressure, magnetic circular dichroism (MCD) spectra showed that the CrI3 bilayer
transformed from antiferromagnetic to ferromagnetic states, accompanied by a structural transition from the
monoclinic to the rhombohedral phases [44] as shown in Figure 6C. Notably, high pressure can effective tune
the interlayer antiferromagnetic coupling strength in CrI3 by nearly 100% [20]. In addition, the pressure-
modulation of magnetism also depends on the number of layers in certain 2DMMs, such as in MnBi2Te4/
(Bi2Te3)n system. Under high pressure, the interlayer antiferromagnetism maintains when n = 1, while it
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changes to interlayer weak ferromagnetism when n = 2 [169].
To explore the multi-functional device applications of 2DMMs, it is critical to improve their TC and

coercive field strength. High pressure is not only used to induce new magnetic phase in 2DMMs in fun-
damental researches of condensed matter physics, but also an effective way to manipulate the original
magnetic order towards enhanced magnetic phase transition temperature or coercive field strength. It is
reported that CrGeTe3 could transform from a ferromagnetic insulator to a ferromagnetic 2D Fermi metal
under high pressure, with TC increased intensively from 66 to 250 K [170]. The pressure-dependent behaviors
become more complicated for CrI3, whose TC decreases with the uniaxial pressure perpendicular to the c-axis
while increasing with the uniaxial pressure parallel to the c-axis [171]. Another important research direction
in high-pressure magnetism is to effectively generate and systematically investigate new quasiparticles
consisting of magnons and other particles, such as phonons, photons, and excitons. Such new magnon-related
quasiparticles are important for magnonics and spintronics, since they might influence the transport of
magnons intensely. Under high pressure, the frequencies of certain phonon modes can be specifically
adjusted to resonate with that of the magnon, thereby causing the hybridization of the phonon and the
magnon to form magnon polaron [172].

Figure 6 The magnetism tuning strategy from lattice degree of freedom. (A) and (B) Pressure tuning the magnetic phase in FePS3. Adapted
with permission from [42,167]. (C) Pressure tuning the stacking and magnetic phase of CrI3. Adapted with permission from [44]. Copy-
right©2019, Springer Nature. (D) Strain tuning of Néel vector of MnPSe3. Adapted with permission from [40]. Copyright©2021, Springer
Nature. (E) Strain tuning of magnetic phase of CrSBr. Adapted with permission from [21]. Copyright©2021, Springer Nature. (F) Moiré
superlattice structure of a small-twist-angle CrI3 bilayer. Adapted with permission from [113]. Copyright©2022, Springer Nature. (G) Layer-
stacking-dependent magnetic phase of CrI3. Adapted with permission from [47]. Copyright©2021, American Association for the Ad-
vancement of Science.
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Strain tuning

Similar to pressure modulation, the application of strain, which is mainly the in-plane strain in 2D layers, can
also change the lattice constant, thereby modulating the intralayer or interlayer exchange or super exchange
interactions to achieve the modulation of magnetism in 2DMMs. Controlling magnetism by strain can be
investigated by theoretical calculations. The theoretical study on MnPSe3 showed that the biaxial strain can
cause a magnetic phase transition from the antiferromagnetic to the ferromagnetic phases. Moreover, the
strain-tuned in-plane ferromagnetic MnPSe3 has semi-metallicity and spin-splitting conduction bands, which
are beneficial to the propagation of spin-polarized carriers for potential spintronic applications [140]. It was
theoretically predicted that the in-plane tensile strain can transform monolayer CoBr2 from the ferromagnetic
to the antiferromagnetic phases, while the compressive in-plane strain keeps the robust ferromagnetic order
in monolayers [173]. In Fe3GeTe2, theoretical calculations also showed that the application of in-plane biaxial
strain can enhance its ferromagnetism. The average magnetic moment of Fe ion was found to increase
monotonously with the increase of the strain in the range from −5% to 5% [14]. Similarly, it was calculated
that the uniaxial strain would induce a phase transition from the ferromagnetic to the antiferromagnetic
phases, and greatly enhance TC in CrOCl [15].
The regulation of magnetic order by strain has transitioned its frontier from theoretical calculations to

experimental realizations recently. Ni et al. [40] reported a precise modulation of the Néel vector in MnPSe3
by applying the uniaxial strain. When the strain reaches 2%, the Néel vector follows the direction of the
strain, which brings further possibility for flexibly constructing complex magnetic orders (Figure 6D). The
increase of the coercive field is beneficial to enhance the magnetic stability of 2DMMs for the potential
applications of information storage, and has been reported to be achieved by applying strains. The experi-
mental studies have found that 3.8% in-plane strain can increase the coercive field of VI3 to 2.6 T. Based on
the DFT calculations, it is suggested that the strain dramatically increases the magnetic anisotropy [174].
Strain has also been observed to drastically alter the phase transition temperature of 2DMMs. The TC of
Cr2Te3 increases by 50 K under the tensile strain, while decreases by 90 K under the compressive strain [175].
The recent experimental study reported that the strain leads to reversible in-plane ferromagnetic-anti-
ferromagnetic transitions in the air-stable A-type antiferromagnetic CrSBr (Figure 6E), making a further step
towards magnetism controllability in 2DMMs [21].

van der Waals engineering

One of the most fascinating properties of 2D materials is to obtain new physical properties through van der
Waals engineering, including the construction of a variety of homo- and/or hetero-structures. Moreover,
extensive research studies have utilized the precise control of the twist angle between layers to form moiré
superlattices for expanding the tenability of constructed 2D structures by van der Waals engineering
[176,177]. In the process, new phases and new physical phenomena are created. For two-dimensional
magnetic materials, van der Waals engineering introduces freedom to manipulate the magnetism by tuning
the exchange interactions directly, or by manipulating the electronic properties indirectly. In van der Waals
engineering, the lattice deformation can be introduced, modifying bond length and angle containing magnetic
ions. As a result, the exchange and super-exchange interactions can be modulated. Van der Waals engineering
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can also strongly modulate the interlayer charge transfer process, thus influence the magnetic moment of ions
in two dimensional materials. It was found that H-type stacking and R-type stacking bilayer CrBr3 can result
in the interlayer ferromagnetic and antiferromagnetic orders respectively [39]. The reason behind the phe-
nomena is that the interlayer coupling in bilayer CrBr3 is mediated through a super exchange interaction,
which is controlled by the directional hybridization between the Br p-orbitals and Cr d-orbitals. Because the
bond angles and the bond lengths of the Cr–Br–Br–Cr exchange path are strongly dependent on the stacking
order, the interlayer magnetism is expected to depend on the specific stacking structure [39]. In four-layer
CrI3 consisting of two bilayers with a twisted angle, the properties of the homo-bilayers depend on the twist
angle. In detail, the constructed homosturcture exhibits pristine four-layer CrI3 properties at a small twist
angle, bilayer CrI3 properties at a large twist angle, and unexpected net magnetic moment at an intermediate
twist angle [178]. Moreover, it shows experimentally that the magnetism of twisted bilayer CrI3 also exhibits
a strong dependence on the twist angle. When the twist angle θ < 3°, the coexistence of antiferromagnetic and
ferromagnetic order emerges. When the twist angle is larger than 3°, the twisted homo-structure becomes
ferromagnetic. It is suggested that the formation of the coexisting ferromagnetic and antiferromagnetic
phases depends on the stacking-related interlayer interaction [113] as shown in Figure 6F. The coexistence of
AFM and FM domains were directly visualized by single-spin quantum magnetometry [47] (Figure 6G).

Applications of 2DMMs and spin-phonon coupling in spintronic devices

2DMMs have the advantages of nearly ideal interface and interlayer van der Waals coupling when being
integrated into complex homo- or hetero-structures, which provide a promising platform for the development
of high-performance spintronic and magnonic devices [107]. They can also be further characterized and
modulated by external stimuli, showing great development potential and application prospects. Based on
spin-phonon coupling, the external stimuli can be designed to improve the performance of spintronic and
magnonic devices. Since the giant magnetoresistance (GMR) effect was discovered in 1988 [179,180],
spintronic devices such as magnetic tunnel junctions (MTJs), spin valves, and spin filters have gained rapid
development, where 2DMMs have also been demonstrated with promising broad applications in recent years.
For the sake of briefness, here we only briefly review the basic principles and some selected investigations in
the above-mentioned device applications, as well as how spin-phonon coupling is involved and operated.
Certain applications of 2D magnetic materials in spintronic devices are listed in Figure 7.
GMR generates in multilayers composed of alternating ferromagnetic and non-magnetic conductive layers,

where the antiparallel alignment magnetization of adjacent ferromagnetic layers gives rise to high resistance
while parallel alignment gives rise to low [179–181]. This effect was extended to fabricate MTJs consisting
of two ferromagnets separated by a thin non-magnetic insulator layer to obtain flexibly tunable tunnel
magnetoresistance (TMR) [182,183]. With added functionalities, the MTJs could act as spin valves (two
ferromagnetic layers separated by an insulating barrier) or spin filters (two nonmagnetic layers separated by
an (anti)ferromagnetic barrier) in an applied magnetic field, and be utilized in information storage devices
such as magnetoresistive random access memory (MRAM).
During the fabrication of MTJs with stacked 2DMMs, an antiferromagnetic ground state would be fa-

vorable which can serve as a tunnel barrier to induce spin-filtering effects [184]. The 2D magnetic insulator
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CrI3 exhibits changeable ferromagnetic or antiferromagnetic orders in different layer numbers [26] and thus
has been reported to be built into MTJs sandwiched between graphene electrodes [5,116,185,186] or en-
capsulating hBN tunnel barrier [187,188]. Song et al. [116] reported that a TMR of 19,000% can be reached
in a CrI3-based MTJ sandwiched between graphene at low temperature. They later investigated gate-tunable
TMR of similar four-layer CrI3 MTJ system, and found its TMR can be controlled from 17,000% to 57,000%
[189]. Another comparable work combining voltage control was done by Jiang et al. [190]. A TMR up to
1,000,000% at 1.4 K under a 2 T magnetic field was also reported by Kim et al. [186] using multilayer CrI3.
But a main disadvantage of CrI3-based devices is that the operating temperature is far too lower than room

temperature. By comparison, Fe3GeTe2 has a higher TC, which is more conducive to be promoted to practical
applications. The constructed Fe3GeTe2/hBN/Fe3GeTe2 heterostructure is found to have a TMR up to 160%,
revealed by low-temperature anomalous Hall effect measurements [6]. There are also some theoretical works
demonstrating this MTJ system [191,192]. By substituting the hBN barrier to other materials like graphite or

Figure 7 Applications of 2D magnetic materials in spintronic devices. (A) Schematic of 2D magnetic tunnel junction based on bilayer CrI3
functioning as the spin-filter sandwiched between graphene. Adapted with permission from [116]. Copyright©2018, American Association
for the Advancement of Science. (B) A TMR ratio up to 19,000% based on tetralayer CrI3 MTJ. Adapted with permission from [116].
Copyright©2018, American Association for the Advancement of Science. (C) Schematic tetralayer CrI3 MTJ with gate-tunable TMR between
17,000% and 57,000%. Adapted with permission from [189]. Copyright©2019, American Chemical Society. (D) Fe3GeTe2/hBN/ Fe3GeTe2
MTJ with hBN serving as the tunneling barrier. Adapted with permission from [6]. Copyright©2018, American Chemical Society. (E) Spin-
valve effect in Fe3GeTe2/hBN/Fe3GeTe2 MTJ with TMR of 160%. Adapted with permission from [6]. Copyright©2018, American Chemical
Society. (F) Current vs. magnetic field curve of CrI3 based MTJ with TMR up to 1,000,1000%. Adapted with permission from [186].
Copyright©2018, American Chemical Society. (G) Schematic of a CrI3-based vdW heterostructures. Adapted with permission from [185].
Copyright©2018, American Association for the Advancement of Science. (H) Conductance through a tetralayer CrI3 tunnel barrier as a
function of an out-of-plane applied magnetic field. Adapted with permission from [185]. Copyright©2018, American Association for the
Advancement of Science. (I) Schematic of graphene/CrI3/graphene MTJ with electrically controllable conductance state based on the
magnetic order in the CrI3 tunnel barrier. Adapted with permission from [190]. Copyright©2019, Springer Nature.
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MoS2, different phenomena emerge. A strong spin-obit coupling can be observed in the Fe3GeTe2/graphite
interface [193], while the MoS2 acts as a conductor layer in the MTJ with a TMR of 3.1% [194]. The
switching and tuning of MTJs at present are mainly realized by applying an external magnetic field, which is
currently a main limitation for future applications. All-electric switching would be achieved by methods of
spin transfer torque (STT) and spin orbit torque (SOT) [195], and SOT can be put forward to integrate SOT-
MRAM [196–198].

Challenges and outlooks for spin-phonon coupling investigation in 2DMMs

Along with the development of 2DMM, the investigations related to spin-phonon coupling have contributed
to understanding 2D magnetism, mediating magnetism and improving device functionalities. In this field, we
believe that there are still several directions to be pursued in both fundamental study and potential appli-
cations of 2DMMs. We have listed a mass of van der Waals magnetic materials in Table 1 when we discussed
synthesis contents, while only few of them were well studied on their exfoliated counterparts as well as their
magnetic behaviors. We can find that those unexplored van der Waals magnets are spread out across many
types, including perovskite with strong luminescence, topological insulators, multiferroic materials, quantum
spin liquids, and superconductors. As a general effect in magnetic materials, spin-phonon coupling has great
potential to couple with various (quasi-)particles in condensed matter and exhibits new physical features.
Finding new types of spin-phonon couplings is not only the focus of physics research in 2D materials but also
essential to the investigation of new phases and regulation of physical states. Besides that, as an intrinsic
property of the electron, charge is found to intertwine tightly with both spin and phonon in 2DMMs, while the
underlying mechanism is still unclear. More theoretical and experimental investigations are needed to help us
understand the critical function of charge in spin-phonon coupling.
Moreover, most current spin-phonon coupling investigations are in equilibrium. However, how the phonon

behaves during the spin-wave propagation or how the spin behaved during the phonon excitation is un-
derstood inadequately. To understand the dynamic spin-phonon coupling effect in 2DMM, ultra-fast optical
methods can play an important role. Using intense mid-infrared electric field pulses which are resonant with a
phonon mode of magnetic materials, those light-generated phonons can be utilized to coherently manipulate
macroscopic magnetic states in 3D magnets. It has been realized experimentally in 3D perovskite magnetic
insulator DyFeO3, where resonant phonon excitation induces ultrafast and long-lived changes in the ex-
change interactions between rare-earth orbitals and transition metal spins [199]. The optical tuning strategy
can be extended to 2D systems, where important explorations are made on few 2DMMs, including CoF2 [45]
and NiPS3 [115,159]. In addition to using mid-infrared or terahertz light to directly excite one or several
phonon modes, terahertz light can also be used to excite electrons and then indirectly excite phonon modes
and magnon modes through electron-phonon coupling and spin-charge coupling, respectively. The corre-
sponding research is still in its infancy [200].
Utilizing the ubiquitous spin-phonon coupling in 2DMMs, 2DMM-based spintronic and magnonic devices

can be developed. Magnetic materials are the key constituent in information storage devices. The speed of
data storage is related to the transformation speed between different magnetic states. At present, the speed of
data storage is mainly at the GHz level [201,202]. Using phonon excitation to tune the magnetism through
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spin-phonon coupling has become a potential approach to improve the data read/write speed. Another
obstacle preventing the application of 2DMMs is the low magnetic transition temperature. In the current
stage, most of the demonstrations of 2DMM-based spintronic or magnonic devices are conducted at tem-
peratures far below room temperature. Based on spin-phonon coupling, the magnetic anisotropy can be
enhanced and the magnetic phase transition temperature can be achieved. Pioneering studies have been done
in recent years. Liu et al. [203] integrated Mn3Pt with piezoelectric substrate BaTiO3 and utilized the electric
field tuned interface strain to tune the topological anomalous Hall effect in the heterostructure. In addition, by
driving specific phonon modes optically, the magnetic anisotropy can be enhanced, thus the magnetic
transition temperature can be extensively raised, where the THz optical pulses might find their abilities.
Compared with the case in 3D magnetic materials, realizing “read” and “write” in 2DMMs might en-

counter more difficulties. 2DMMs with nanoscale thickness usually have much smaller sizes compared with
3D materials, resulting in much smaller optical/electronic signals. Precise magnetic detection and effective
spin control require more sophisticated methods. Designing techniques based on brand-new physical me-
chanisms may be another efficient way to solve this dilemma in 2DMMs. At present, the 2D magnetic
materials and their heterostructures are still mainly in the stage of fundamental physics research, and the
preparation of high-quality samples mostly depends on mechanical exfoliation and transfer, which are
difficult to be promoted to large-scale device fabrication. Based on the existing research, the main challenges
in promoting 2D magnetic materials to wider applications in the future include finding materials with higher
phase transition temperature and better stability in ambient conditions, optimizing the preparation process
and method, accessing lower energy consumption, etc. Moreover, since the spin-phonon coupling effect is
one of the main channels for spin decoherence in qubit, how to tune the strength of spin-phonon coupling
effect itself in 2DMMs also needs to be explored. In this young and rapidly developing field, we look forward
to more exciting breakthroughs in the future.
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