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As the family of magnetic materials is rapidly growing, two-dimensional (2D) van der Waals (vdW) magnets have
attracted increasing attention as a platform to explore fundamental physical problems of magnetism and their potential
applications. This paper reviews the recent progress on emergent vdW magnetic compounds and their potential applications
in devices. First, we summarize the current vdW magnetic materials and their synthetic methods. Then, we focus on their
structure and the modulation of magnetic properties by analyzing the representative vdW magnetic materials with different
magnetic structures. In addition, we pay attention to the heterostructures of vdW magnetic materials, which are expected
to produce revolutionary applications of magnetism-related devices. To motivate the researchers in this area, we finally

provide the challenges and outlook on 2D vdW magnetism.

Keywords: van der Waals magnetic materials, 2D magnetism, modulation methods, spintronics

PACS: 75.50.—y, 85.75.—d, 75.70.Cn

1. Introduction

Magnetism, records of which date back to the magic
attraction of lodestones to iron nearly 3000 years ago, is
a fundamental property of matter.l'-3] The magnetically or-
dered state is of great significance to develop technologies
and achieve applications, including electric generators,*7]
magneto-optics devices,>®! and magnetic logic and mem-
ory devices.>!%! Two-dimensional (2D) van der Waals (vdW)
materials have naturally layered structures and highly crys-
talline characteristics!'!! with exotic phenomena, such as tun-
able bandgap,'>'¥ high carrier mobility,['>'®! and linear

171 In addition, few-layer vdW materials are sen-

dichroism.
sitive to external stimuli. Thus, vdW materials provide an op-
portunity to control various physical properties such as elec-

(118,191 1 strong con-

trical, optical, and magnetic properties.
trast to the electrical and optical properties, which have been
intensively studied and reviewed, intrinsic magnetism of 2D
vdW materials was not discovered until recent years.!?0-2?]
The timeline of milestone discoveries/events in 2D mag-
netism can be roughly divided into three stages dated from
the 1940s (see Fig. 1).[231 In 1944, Onsager et al.**! spec-
ulated that a monolayer-thick Ising-type magnet possessed a
stable long-range magnetic order. Subsequently, the Mermin—
Wagner theorem demonstrated that long-range magnetic order

is forbidden in the 2D isotropic Heisenberg-type magnet. !>
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The quasi-2D magnetism was identified and found in some
magnets, such as K,;NiF4, where weak or non-interacting in-
terlayer exchange coupling prevents magnetic order in the
third dimension.!”®*’ During the second stage, from the
1970s to the 1990s, atomically thin magnetic films emerged,

d.[?8-301 However, magnetic

and the Ising model was verifie
films are pseudo-2D magnets without 2D nature due to the
dangling bonds at the surface and substrate influences on lat-
tice match and electronic distribution.3*-3?1 The third stage
started with the discovery of graphene in 2004.133! The family
of 2D vdW materials has been growing, and a series of novel
physical phenomena have been continuously revealed.?*3
The 2D vdW magnetic materials remained a conspicuously
missing member of this family in the decade. During this
period, defect engineering, including vacancies, adatoms,
boundaries, and edges, was adapted to induce magnetism in

[11,36

non-magnetic vdW materials, 1 for instance, the point-

defect pyrolytic graphite and PtSe,,l?”-38 nitrogen-doped
graphene, ") carbon-doped BN nanosheets,*>*!] and zigzag-
edge graphene.!*?! However, the extrinsically induced mag-
netic response is somewhat susceptible, fairly weak, short-
ranged, and unstable. Until 2016, antiferromagnetism (AFM)
was found in monolayer vdW FePS;.[43#4 Subsequently, in-
trinsic ferromagnetism (FM) in monolayer Crl; and bilayer

20,21]

CryGeyTeg vdW magnets was discovered in 2017,! un-
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veiling a new species of vdW materials. Magnetic anisotropy,
which opens a gap in the spin-wave spectrum to resist the ther-
mal fluctuations, enables FM ordering in Heisenberg-type bi-
layer CryGe,Teg,[*! which is different from the situation of
the Ising-type magnets Crl3. After these prior works, many
other vdW magnetic materials have been discovered and inves-

[20.21.46] The progress in the field

tigated in the last five years.
of vdW magnetic materials involves three main directions.

1. Exploration of new vdW magnetic materials The
vdW magnetic materials have attracted great attention, but the
current vdW magnetic family is still far from meeting the de-
mand of practical applications. To date, many unexplored
candidates based on theoretical predictions require specialized
growth techniques to synthetize. Thus, exploring more novel
vdW magnetic compounds has been a major research direc-
tion in the magnetism/spintronics and 2D vdW materials com-
munities, which is expected to yield an enriched landscape of
emergent phenomena and unanticipated applications.

2. Fundamental issues of condensed matter physics
Both the spin dimension and the spatial dimension are deci-
sive factors in determining low-dimensional magnetism. The
vdW magnetic materials provide an ideal platform to study
the Hamiltonians of the fundamental magnetism models in-
cluding the Ising, XY, and Heisenberg models. 23] Besides,
novel quantum phases can be observed and studied, such as
spin-valley coupling, magnetic excitons and magneto-optical
effect, which are challenging and worthy of work.[3*#7l The
realization of quantum and topological phases is also excit-
ing. One typical example is quantum spin liquids originated
from Kitaev exchange interaction under 2D honeycomb lat-
tice, which is likely to offer a strategy for magnetic Majorana

fermions. [48-511
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3. Device applications of vdW magnetic materials
Magnetic properties of atomically thin vdW magnets are sus-
ceptible to being manipulated by electrical ways, which is
the central topic in spintronics. Besides, with the advantages
of atomically flat surfaces, no dangling bonds and vdW het-
erostructures, vdW magnets are expected to realizes a series of
spin-related devices including spin valves, spin—orbit torque,
spin field-effect transistors, spin-filter, magnetic tunnel junc-
tions, etc.[11:22:31]

As a vibrant and rapidly progressing field, it is worth
summarizing the recent advancements in magnetism of the
vdW family and its emerging applications which are the
main scope of this review. There are some review ar-
ticles on 2D vdW magnetic materials, which have in-
volved the classification of materials and essential physical
properties,[“’sz‘%] the fabrication method,[37-011 the modula-
tion of magnetism,>#3162] the detection technology, 4631
and spin-related devices.!!-22%:23:3157.63-651 Tn this review,
from the perspective of magnetic structures, we pay more at-
tention to some specific 2D vdW magnetic materials based on
critical issues in the application of 2D vdW magnetism. At
first, we present the state-of-the-art vdW magnetic materials
in experiments and briefly discuss the current synthesis meth-
ods. Secondly, considering the critical issues in 2D vdW mag-
netic materials, such as low Curie temperature (7¢) and the
control of anisotropy and magnetization, we introduce some
critical vdW ferromagnetic and antiferromagnetic compounds
in terms of intrinsic magnetism. Thirdly, we outline the ap-
proaches to manipulating fundamental magnetism and some
preliminary application of spintronics. Finally, we highlight
the challenges and provide an outlook on future directions for
the field of 2D vdW magnetic materials.
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Fig. 1. The timeline of some important theoretical and experimental results in 2D magnetism began with Onsager’s solution in 1944 and culminated
with three main current research directions (reprinted with permission from Refs. [9,23,46,66]).

2. Magnetism and synthesis of vdW magnets

The family of vdW crystals has included a wide variety
of materials over the past decade, but the vdW magnetic mate-

33,5767 To date, vdW magnetic

rial is still in its infancy stage. !
materials can be mainly categorized into metal chalcogenides

and halides (including dihalides and trihalides), as displayed
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in Fig. 2.1 The metallic elements mainly come from 3d tran-
sition metals such as Cr and Fe and gradually expanded to 4f
rare-earth metals such as Ce and Dy recently.[20:44-52.68.691 The
typical magnetism of pristine vdW magnets in experiments is
also classified in Fig. 2. The spin model and magnetic config-
uration can be briefly described by a generalized Heisenberg

spin Hamiltonian!3-60]

1
H = =S¥, UiSiSitAySisy) - LA (S5, ()

where J;; is the exchange constant between spins S; (in the ith
lattice site) and S; (in the 71 lattice site). A; ; and A; are the
anisotropic exchange and the single-ion anisotropies, respec-
tively. Thus, the first term describes the exchange (Heisen-
berg) interactions, the second the anisotropic exchange, and
the third the single-ion anisotropy. The additional asym-
metric terms such as Kitaev’"! and Dzyaloshinskii—-Moriya
711 are also allowed. For the isotropic Heisen-
berg model with spatial dimension n = 3, magnetic anisotropy
should be weak with A and A ~ 0. The XY (n = 2)
model has strong easy-plane anisotropy (A — —oo), while
the Ising (n = 1) model shows strong easy-axis anisotropy
(A — o).
further investigating intrinsically 2D vdW magnetic mate-

interactions!

These models provide a solid foundation for
rials. For J> 0, the spins favor parallel alignments, i.e.,
FM, whereas they favor antiparallel alignments (i.e., AFM)
for J< 0. The vdW ferromagnets (FMs) have been found
in chalcogenides and trihalides, and they are mainly Fe-
based, 31727751 Cr-based,20:2176-781 and V-based.[79-83] Most
2D vdW FMs have very low T¢, such as Crl; (Ising-type,
Tc = 45 K for monolayer Crl3),!?°! CrBr; (Heisenberg -type,
Tc = 27 K for monolayer CrBr3),[78 Cr,Ge, Teg (Heisenberg-
type, Tc = 30 K for bilayer Cr,Ge,Teg).I*!! In contrast, itin-
erant ferromagnetic system Fe,GeTe, (x = 3 and 5, Ising-
type; x = 4) has received intensive interest because of its
high T¢ (near room temperature), high conductivity, and large
magnetization.?!’>73] Due to the macroscopic net magnetic
moment, it is feasible to achieve the spin-related application
of FM-based devices.
ferromagnets (AFMs) due to their vanishing net magnetiza-

Despite the difficulty in using anti-

tion, AFMs hold promise for high-speed, low-power spintron-
ics because they are robust against the magnetic field per-
turbation, absence of parasitic stray fields, and have higher
magnetic resonance frequencies (THz regime) than that of
the FMs (GHz regime).m Furthermore, the AFMs are much
more abundant than the FMs in the vdW magnetic family.
They belong to two kinds of magnetic structures, one is in-
tralayer FM order with interlayer AFM order (i.e., A-type
AFM), and the other is intralayer AFM order with C-type and
G-type AFM. In a C-type structure, the interlayer coupling
is FM, but in a G-type the interlayer coupling is AFM. For
honeycomb crystal lattices, intralayer AFM order can be fur-
ther divided into Néel, zigzag and stripy states.[*] The few-

layer Crlz favors A-type AFM,[3* different from its FM in
bulk related to the stacking state.’®! As the layered topo-
logical insulators, 33861 MnBi,Tes (Heisenberg-type), 870!
MnBisTe7 1221 and MnBigTeo®"?3 are intrinsic A-type
AFM as well.["%] Interestingly, MPS, (M = transition metal,
x = 3, 4) compounds contain rich antiferromagnetic states,
such as A-type CrPSy,[°%71 C-type zigzag (Co/Ni)PS3 (XY-
type),[?8-1001 C-type Néel MnPS; (Heisenberg-type),[!01-104]
and G-type zigzag FePS; (Ising-type).[*3#! Except for the
FM/AFM order and disordered spin-liquid-like phases, there
are non-collinear magnetic structures. These include the he-
limagnets such as FeOCI!'%] and FeCls,['%! magnetoelec-
tric Fe(Cl/Br),, 97! multiferroic (Mn/Co/Ni)I, 1081101 and in-
plane frustrated AFMs VCI, and VBr, L1121 Rare-earth
halide CeSil is a recently discovered vdW magnetic com-
pound hosting a coexistence of itinerant electron and frustrated
magnetism. (%8 There is still plenty of materials to be explored
in experiments, some of which have been predicted, such as
Dirac half-metal CrSeTe,!'!3!!4 valleytronic semiconductor
LaBr,.[115.116]

The common synthesis methods for 2D vdW magnetic
compounds are summarized in Fig. 2. These methods can be
classified into two types, the top-down and the bottom-up. The
former grows bulk single crystal and then exfoliates it to obtain
atomically thin layers. The single-crystal growth strategies
of vdW magnets include the chemical vapor transport, flux
method, solid-state synthesis, Bridgman method, etc. The first
two are the most commonly used. The chemical vapor trans-
port is an efficient way to grow most bulk crystals such as CrX3
(X = CI/Br/D),!17 Fe,GeTe, (x = 3, 4, 5),17%73118-121] 57pg,
(M = Fe, Co, Ni),[439%1221 pOC1 (M = Cr, Fe),[123:124] and
metal-intercalated (Nb/Ta/Ti)S,.!!?>-127] The transport agents
I, Brp, and TeCly usually transport elementary substances
between the furnace’s hot and cold ends.['?8! Additional
temperature-oscillation!'?* and reverse transport!!>%13% can
promote growing good-quality centimeter-scale single crys-
tals. The flux method is liquid-growth to obtain large and
high-quality crystals.[°*) When certain substances that are one
(or two) of the constituents of target products are selected
as excess flux, this method is further called the “self”-flux
method.’%) The self-flux method avoids the introduction of
exotic elements and usually is prioritized for growing vdW
magnetic materials such as Cr,Ge,Teg with an atomic ratio
of 2:6: 36 for Cr: Ge: Te,['31:132] Fe;GeTe, (F3GT) with
an atomic ratio of 1: 2 : 4 for Fe : Ge : Te,[!33] and MnBi, Tey
with an atomic ratio of 1: 10 : 16 for Mn : Bi: Te.®”) The
exfoliation technique is key to obtaining monolayers or thin
flakes. For most vdW magnetic materials, a high-quality atom-
ically thin sample can be obtained by mechanical exfoliation
because of the low dissociation energy associated with the
vdW layered structure. The electrochemical method can be
used to exfoliate vdW magnets with high dissociation energy,

087506-3
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Fig. 2. Summary of pristine vdW magnets and their synthetic technique.

such as VSez.[134] Meanwhile, the electrochemical method
can also introduce guest atoms into vdW layers to opti-

135" synthesized

mize the material properties. Wang et al.!
(TBA)Cr,Ge,Teg compound by the interaction of tetrabuty-
lammonium, and the 7¢ of (TBA)CrGe;Teg is significantly
increased from 67 K in pristine Cr,Ge,Teg to 208 K in
(TBA)Cr,Ge, Teg. For some complex 2D vdW magnetic com-
pounds, the bottom-up methods offer a practicable strategy
to grow the few-layer structure directly, including the chem-
ical vapor deposition and molecular-beam epitaxy method.
Those methods are controllable growth via adjusting the
growth parameters in the process, widely used in synthe-
sizing 2D vdW magnetic materials such as CrTe,!!36137]
and VSe,.!!3813% However, for various compounds, epitaxy-
grown usually needs specific growth substrates. The in situ
growth via the chemical vapor deposition or molecular beam
epitaxy method is recommended for high-quality heterostruc-
ture because transfer processes may introduce contamination
by the exfoliation method.

3. The vdW ferromagnetic materials

The vdW FMs have been in the mainstream of mod-
ern magnetic research, especially due to their great vital-
ity in spintronics. Cr,Ge,Teg is the first 2D ferromag-
net to be discovered®!! and some intriguing phenomena
have been found, such as the anomalous Hall effect in
the CryGesTeg (< 50 nm)/Pt (5 nm) heterostructures, 140!
the proximity effect in the Cr,Ge,Teg (30 nm)/graphene

heterostructures.'*!1 Besides, some progress on devices has

also been made toward magnetic manipulation, including
current-induced magnetization switching in the Cr,Ge,Teg
(< 50 nm)/Ta (5 nm) heterostructures,'*?!  Cr,Ge,Teg
(12 nm)/(Bi;_,Sby),Te; (6 nm) heterostructures,['*3 and
electric-field control of magnetism in the device based on
few-layer CroGe,Tes.!'**! However, low Tc (61 K in bulk
CryGe,Teg and 30 K in the bilayer CryGe,Teg) limits the
practical applications of Cr,Ge,Teg in spintronic, >!7"1 which
is common in most of the vdW FMs. By constructing
the CryGeyTeg (< 7 nm)/NiO (50 nm) heterostructure, the
Tc of the system can be improved to 115 K.[!*31 The
2D vdW chalcogenides MSe; (M = Mn, V),[B31461 1.
CrTe, 1361371471 and Fe,GeTey (x = 3, 4, 5)B17273.148] gpe
known as near room-temperature FMs. Among them, the
monolayer 17-VSe, was synthesized and its magnetic hystere-
sis loops at 300 K were observed by Bonilla et al.!3*! Because
monolayer 17-VSe, was synthesized on HOPG and MoS,;
substrates using molecular-beam epitaxy, it cannot exclude the
effect of interface strain to induce magnetism.[22J In fact, it
is puzzling that the experimental magnetic moment is much
larger than the calculated magnetic moment.[83:149-1511 Some
experiments based on x-ray magnetic circular dichroism did
not detect long-range magnetism of 17-VSe, yet.!3%153] 1t
was found that the charge density wave distortion can remove
the intrinsic ferromagnetic ground state in 17-VSe,.[!34-156]
Besides, the monolayer 17-VSe, was speculated as a frus-
trated magnet with its spins exhibiting subtle correlations.[!>4]
Using an electrochemical exfoliation approach to obtain

1 [134]

monolayer 17-VSe; flake, Yu et a revealed that a defect-
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free sample is significant to qualify the intrinsic magnetism
of 17-VSe;. The origin of FM in 17-VSe, requires further
investigation. Also, a recent study observed ferromagnetic

5.1137] On the contrary,

signatures in multilayer 2H-VSe; film
2H-CrTe; is a paramagnet as a result of the fully occupied d 2
orbital of tetravalent Cr.['*”! The bulk 17-CrTe; is ferromag-
netic with T of 310 K.I"38] Using the mechanical exfoliation,
fifteen-layer 17-CrTe, retains the Tc of 305 K['5°1 and 170 nm
1T-CrTe, flake shows large anomalous Hall conductivity.[!%0!
By molecular-beam epitaxy, monolayer 17-CrTe; shows the
Tc of 200 K!'*7I and the noncollinear spin reorientation un-
der magnetic fields.!'>”] The 17-CrTe,/Bi,Tes heterostructure
by molecular-beam epitaxy possesses giant topological Hall
effect signals.!'®!l The high Tc and conductivity Fe,GeTe,
(x =3, 4, 5) system is attention-attracting in recent years. Es-
pecially in spintronics, Fe,GeTe; family is regarded as a po-
tential candidate to develop spin-related devices with a series
of cutting-edge progress. Thus, we will introduce Fe,GeTe,
with x = 3, 4, 5 in detail, in terms of fundamental magnetism,
modulation of magnetic properties and magnetism-related de-
vices.

Fe,GeTe, (x =3, 4, 5) is a rare metallic example of itin-
erant vdW FMs with an intralayer three-dimensional network
of the Fe sealed by a Te ligand sheet (Fig. 3(a)),!”>!%% which
enables high T¢ of nearly room temperature (Fig. 3(b)).[73:148]
Such itinerant magnetism is strongly coupled to the electronic
structure and atomic-scale disorder and is affected by the site
substitution. F3GT belongs to a hexagonal crystal structure
(P63/mmc, No. 194) with the substructures of Fe and Ge atoms
sandwiched by Te layers and the vdW gap between adjacent Te
layers (Fig. 3(a)).['%?! The Fe atoms occupy 2c and 4e inequiv-
alent sites, marked Fe I and Fe II, respectively. In contrast to
the complete occupation of Fe II, Fe I is partially filled in d-
orbitals which dominates the FM.[??] By intercalating more
Fe in-between the Te outer slab layers, Fe4sGeTe, (FAGT) and
Fes;GeTe; (FSGT) have been successfully synthesized.m’l“]
FAGT has a rhombohedral structure (R3m, No. 166) with lower
symmetry than that of F3GT. F5SGT remains the rhombohe-
dral structure except that additional Fe III atoms are inserted
above and below the Ge atom, leading to the splitting of Ge
sites. %41 Except for rhombohedral symmetry, the space group
P3m1 (No. 156) for FSGT was speculated,!!%! but it has not
been found in experiments so far. The high T¢ is a signifi-
cant feature of the Fe-rich Fe,GeTe, system (Fig. 3(b)): For
F3GT, the T¢ is 230 K and 130 K for bulk crystal and mono-
layer, respectively;!1%! the bulk FAGT shows an FM transition
at Tc ~ 270 K, which remains almost the same with lower-
ing the thickness to seven layers;!3) FSGT exhibits the high-
est Tc of 310 K in bulk (7¢ = 229 K in bilayer F5GT grown
by molecular beam epitaxy) among the Fe,GeTe, (x = 3, 4,
5) system.!167-1681 Ap increased number of neighboring mag-
netic ions increases the density of itinerant carriers, enhanc-

ing the strength of the exchange coupling, and consequently
the magnitude of ¢, as shown in the inset of Fig. 3(b). The
magnetic anisotropy is the critical parameter that maintains
magnetic ordering in vdW magnetic materials. Tan er al.['?0]
reported a hard magnetic property with a near square-shaped
magnetic hysteresis loop and large coercivity (up to 550 mT
at 2 K) when the thickness of F3GT is reduced to less than
200 nm, revealing strong perpendicular anisotropy (PMA),
consistent with the result of strong PMA in the ultrathin F3GT
by Fei er al.['%] The bulk FSGT does not exhibit a PMA, un-
like F3GT, and the PMA appears in the thin films.!'®] Due
to the spin reorientation, the magnetic anisotropy of FAGT
is unique. It can be seen in Fig. 3(c) that FAGT bulk shows
a spin reorientation transition at 7sg = 110 K with the easy
magnetization axis rotated from ab-plane (FM1) to c-axis
(FM2), related to the competition between the magnetocrys-
talline anisotropy and the shape anisotropy.!”3! By reducing
the thickness of FAGT, the TgsR is enhanced up to about 270 K
and is consistent with a strong enhancement of PMA, "3 sug-
gesting that the magnetic anisotropy of FAGT nanoflakes can
be controlled with proper surface modification while remain-
ing high Tc. Fe—Ge-Te family also has unique topological
property. F3GT shows a large anomalous Hall current due to
large Berry curvature induced by topological nodal lines.[!70]
You et al.!'! attributed the unexpected topological Hall ef-
fect in the configuration of large tilted magnetic fields in F3GT
to either the possible topological domain structure of uniaxial
F3GT or the noncoplanar spin structure forming during the
in-plane magnetization. Recently, Bloch-type skyrmions have
been observed in the ab plane of single-crystal F3GT!7%173]
and F5GT (see Fig. 3(d)).['73! When the thicknesses of F3GT
and F5GT samples are reduced to 21 nm and 61 nm, respec-
tively, the Néel-type skyrmions emerge due to the interfacial
Dzyaloshinskii—Moriya interaction (see Fig. 3(e)).[12L1721 For
F3GT, such Néel-type skyrmions can be driven by current
pulses!!7#! and stabilized in WTes (2.2 nm)/F3GT (24 nm)[!7]
and F3GT (70 nm)/[Co/Pd];o (16 nm)170! heterostructures.
The tunability of magnetic skyrmions shows great potential
in developing high-density magnetic storage devices.

As Stoner-type itinerant FMs, the magnetic properties
Fe,GeTe, (x = 3, 4, 5) compounds are highly tunable uti-
lizing external control parameters. As a well-known work,
Deng et al.!'”7l found that the Tc of trilayer F3GT could
be improved to room temperature from near 100 K by Lit
ionic-liquid gating technology with a gate voltage of 1.75 V
(Fig. 3(f)). Besides, the Tc of F3GT can also be well tailored
by the micro-scale patterning!!'”! and strain.!'’8! Exerting a
uniaxial tensile strain on F3GT thin flakes (about 50 nm),
as shown in Fig. 3(g), increases the coercive field by more
than 150% with an applied strain of 0.32% besides T¢.[!78]
On the contrary, a tiny current can reduce the coercive field
in nanometer-thin F3GT!7% and the homojunction based on
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two few-layer F3GT flakes.!'3) Figure 3(h) shows that the
Tc of bulk F3GT decreases as a function of pressure, which
is related to the lattice-shrinkage-induced variance of spin—
lattice coupling.!"8!! Ding ez al.!'8?! further found that the
Fe—Ge(Te)-Fe bond angles deviated away from 90° under
hydrostatic pressures, indicating the modification of the ex-
change interactions (the lower right in Fig. 3(h)). They pro-
posed that the direct-exchange interaction became stronger
at a higher pressure, leading to increased antiferromagnetic
components and thus decreased 7c. As the exchange bias
can realize in a single material (MnBiyTes)(BizTes), (n = 1,
2),1831 Zheng er al.!'8% displayed an exchange-bias behav-
ior in vdW magnet F3GT nanoflakes by a protonic gate with
the voltages V, = 4.3 V, which demonstrates that a strong
interlayer coupling can be realized by proton intercalation
(Fig. 3(1)). Besides, the main pathway to achieve exchange-
bias behaviors is constructing FM/AFM heterostructures
which have been realized in lots of F3GT-based heterostruc-
tures, including FePS3/F3GT,!85] MnP(S/Se)3/F3GT,186:187]
CrOCI/F3GT,!88] and CrCl3/F3GT.I"® The exchange-bias
system has great potential in devices for low power con-
sumption and ultrafast operation. Due to the Fe vacancies
in Fe,GeTe, compounds, intermetallic-like Fe—Ge slabs are
amenable to chemical substitutions.!3®! It is feasible to ob-
tain Fe,GeTe, with higher iron contents (x >5) due to the
existence of Fe vacancies in FSGT. In addition to control-
ling Fe content, Co and Ni substitution for Fe has aroused
much interest due to similar Pauling’s electronegativity and

ionic radius. For F3GT, Co doping decreases the saturated
magnetization and the 7¢, but enhances the domain wall pin-
ning effect. Therefore, the Co doping induces a hard mag-
netic phase, in stark contrast to the soft magnetic phase in
bulk F3GT.!"%% Similarly, both the ordered magnetic moment
and the T are strongly suppressed in Ni-substituted F3GT
(Fig. 3(j)). In particular, Drachuck et al.!'”!! performed the
muon spin relaxation measurements and found that the FM or-
der was continuously smeared into an FM cluster-glass phase
beyond x = 0.3 in (Fe;_,Ni,)3GeTe,. The change in the mag-
netic order mentioned above is attributed to the intrinsically
disordered structure of F3GT and subsequent dilution effects.
For FAGT, with cobalt substitution reaching up to near 26%,
the AFM is induced and the saturation magnetization is de-
creased (Fig. 3(k)).['6) The Ty of (Feg¢1C0039)4GeTe; is
reduced slightly to ~ 210 K from the bulk value of 226 K
with the thickness reduced down to nine layers. For FSGT, the
cobalt doping at up to 30% for Fe enhances Tc and changes
the anisotropy from the easy axis [001] to the easy ab plane,
which may be related to Co substituting primarily on the Fe I

1921 1y addition, the cobalt concentration of near

sublattice. !
50% in (Fe;_,Co,)sGeTe, also induces an antiferromagnetic
ground state, which is originated from the combination of the
primitive layer stacking and the high cobalt content.[19%193]
In (Fe;_,Ni,)sGeTe,, the Tc and H, increase firstly and then
decreases with the Ni substitution for Fe, and a highest Tc

of 478 K is obtained at x = 0.36. Chen et al.l'%* attributed
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Fig. 3. (a) Three crystal structures in Fe,GeTe; for x =3, 4, and 5, respectively. (b) The Tc and saturation magnetization Mg, for various vdW FMs
(reprinted with permission from Ref. [73]). (c) Thickness-temperature magnetic phase diagram of FAGT crystal (reprinted with permission from
Ref. [73]). (d) The Bloch-type skyrmion bubbles of single-crystal F3GT at 93 K with zero-field. The inset is an enlarged in-plane magnetization
distribution map processed by TIE analysis (reprinted with permission from Ref. [173]). (e) Generation of Néel-type skyrmions of FSGT flake
thickness about 61 nm (0.28 T at 130 K) (reprinted with permission from Ref. [121]). (f) Phase diagram of the trilayer F3GT sample as the gate
voltage and temperature is varied. The inset is the schematic of the F3GT device structure and measurement set-up (reprinted with permission from
Ref. [177]). (g) Schematic diagram of F3GT device in the strain experimental set-up (the top) and Hall resistance R,, versus external magnetic
field B curves in the strain regime from 0% to 0.63% at 1.5 K (the bottom) (reprinted with permission from Ref. [178]). (h) Schematic of a
high-pressure diamond anvil cell electrical properties measurement system for F3GT (the top) (reprinted with permission from Ref. [181]). The
bottom is the T¢ (reprinted with permission from Ref. [181]) and the Fe—-Fe bond angle (reprinted with permission from Ref. [182]) of F3GT
as a function of pressure in the experiment and theory, respectively. (i) Schematic of the Hall-bar device of F3GT nanoflakes on solid proton
conductor used for Hall resistance measurements (the top), and the derived exchange-bias effect after =1 T field cooling (the bottom) (reprinted
with permission from Ref. [184]). (j) Phase diagram of (Fe;_,Ni,)3GeTe, determined from magnetization and transverse-field muon spin relaxation
measurements and resistivity measurements (reprinted with permission from Ref. [191]). (k) The thickness-dependent magnetic phase diagram of
the (Fep 61 C00.39)4GeTe, crystal with characteristic temperatures of Ty, Tp (i.e., Tsr), and T¢ (reprinted with permission from Ref. [165]).
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these to structural transition and the modulation of mag-
netic exchange couplings, which is different from the early
results. !4 Thus, the element doping in FSGT is complex be-
cause of the strong structure disorder, which should be similar
to FAGT with the same rhombohedral structure though there is
little research on F4GT now. Hence, various intrinsic defects
of Fe,GeTe; (x = 3, 4, 5) system provide a natural platform
to probe the underlying physics and further tuning magnetic
properties of 2D vdW magnetic materials.

Spintronic devices based on giant magnetoresistance
(GMR) and tunneling magnetoresistance (TMR) have been
widely used in the magnetic hard drive and magnetic random-
access memory, which are expected to be more efficiently inte-
grated with 2D vdW magnetic materials to satisfy the demand
of the big data era. A typical GMR structure consists of two
FM layers separated by a non-magnetic metallic layer (TMR
structure uses the insulating layer to replace the metal).!!?3]
It exhibits two resistance states with respect to an external
field, depending on the relative spin orientations in the FM
layers. Due to high magnetization and conductivity, Fe,GeTe,
(x =3, 4, 5) materials are suitable for constructing vdW het-
erostructures, enabling high-performance devices. Figure 4(a)
shows the schematic of the F3AGT/hBN/F3GT spin-valve con-
sisting of an atomically thin hBN layer acting as a tunnel bar-
rier and two exfoliated F3GT crystals acting as ferromagnetic
electrodes.['%°! Tn the F3GT/hBN/F3GT vdW heterostructure,
typical behavior of the tunneling magnetoresistance can be ob-
served at a magnetic field of £0.7 T. Its TMR can reach up to
160% at 4.2 K (Fig. 4(b)), larger than that of F3GT/InSe/F3GT
(41% at 10 K),1"7] F3GT/MoS,/F3GT (3.1% at 10 K),!1%8!
and F3GT/WS,/F3GT (0.45% at 10 K).!"*1 Multiferroic tun-
nel junctions composed of FM electrodes and ferroelectric
spacer, utilize both the TMR effect and tunneling electrore-
sistance effect and can realize multi-level storage. However,

the current progress of multiferroic tunnel junctions remained
at the theoretical level and was discovered in various struc-
tures such as the PtTe,/Fe,GeTe,/InySes/Fe,GeTe,/PtTes (x,
y =13, 4, 5; x # y) heterojunction with four resistance states
and an ultra-low resistance-area product.?°’! Tt is worth inves-
tigating experimentally in the future. In particular, the spin-
valve effect can also be achieved in the F3GT/F3GT/F3GT
vdW homo-junctions as shown in Fig. 4(c),[?°!! because the
width of the vdW interface in the homo-junctions is slightly
larger than that of the vdW nature gaps in the F3GT, re-
sulting in the independent magnetization switching of the
individual F3GT nanoflakes. Figure 4(d) shows that the
homo-junctions have three-state resistance, with the GMR
of the two steps being 0.52% and 1.35%, respectively.[20!]
Besides, the F3GT/graphite/F3GT heterostructure displays a
hitherto rarely seen antisymmetric MR effect with distinct
high-, intermediate-, and low-resistance states.!?? Figure 4(e)
shows the optical and atomic force microscopy images of a
trilayer heterostructure with a Hall bar patterned on the top of
the F3GT layer.?°21 When the current flows in the graphite
layer at the interfaces, the Rashba-split of 2D electron gas
induced by the spin—orbit coupling causes spin momentum
locking, leading to opposite spin orientations at the two inter-
faces and displaying an antisymmetric MR effect as shown in
Fig. 4(f). Besides, because of the existence of exchange-bias
behavior, antisymmetric magnetoresistance is also observed in
the FM/AFM heterostructure. 186

The spin—orbit torque (SOT) spawns a whole new
branch of spintronics to achieve high-performance mag-
netic memories, which has been realized in F3GT materials.
Wang et al.?] devised a bilayer structure of F3GT (3.2—
4.8 nm)/Pt (6 nm), as shown in Fig. 5(a). They found the
current-induced magnetization switching of F3GT with the
in-plane magnetic field of 50 mT at 100 K (Fig. 5(b)). The
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Fig. 4. (a) Schematic representation of the F3GT (7 nm)/hBN/F3GT (20 nm) heterostructures and (b) the spin-valve effect corresponding to
tunneling resistance and Hall resistance at 4.2 K with an applied field perpendicular to the layers (reprinted with permission from Ref. [196]).
(c) The F3GT/F3GT/F3GT three-state spin valves and (d) its resistance as a function of the perpendicular magnetic field measured at 10 K (reprinted
with permission from Ref. [201]). (e) Overview of the MR effect in F3GT/graphite/F3GT heterostructures and (f) the field-dependent resistance
Ry, and Ry, measurements of an F3GT/graphite/F3GT heterostructure at 50 K (reprinted with permission from Ref. [202]).
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Fig. 5. (a) Schematic view of the F3GT/Pt bilayer structure with the cross-sectional dark-field scanning transmission electron microscopy image
pointed by the black arrow (reprinted with permission from Ref. [203]). (b) Current-driven perpendicular magnetization switching in the F3GT/Pt
bilayer device with the in-plane magnetic field of 50 mT (reprinted with permission from Ref. [203]). (c) Effective switching current as a function
of applied in-plane positive bias field in the F3GT (15-23 nm)/Pt (5 nm) heterostructures (reprinted with permission from Ref. [204]). The color
scale represents the switching resistance as a percentage of the absolute value of the anomalous Hall resistance at zero current. (d) The ratio of
anti-symmetrized Hall resistance RXA). to the anomalous Hall resistance Ragg measured in WTeo/F3GT heterostructure with a sweeping current
pulses Ipyise under in-plane magnetic field of 30 mT (reprinted with permission from Ref. [10]). (e) Schematic diagram of the femtosecond laser
pulse excitation and THz radiation from the F3GT/Bi, Te3 heterostructure (reprinted with permission from Ref. [205]). (f) Radiated THz electric
field signals with opposite magnetization when the pump pulse was incident on the FGT side or the substrate side (reprinted with permission from
Ref. [205]). (g) The spectra of THz waveforms generated from W/F3GT/Bi;Tes, F3GT/BiyTes, and the enhanced differential signal, respectively

(reprinted with permission from Ref. [205]).

switching originates from the current-induced SOT gener-
ated by the current flowing in the Pt layer. Similarly, Al-
ghamdi er al.’*! also found the SOT in the F3GT (15—
23 nm)/Pt (5 nm) heterostructures with ~ 2.5 x 1011 A/m?
current density at 180 K (Fig. 5(c)). Recently, a much
smaller switching current (3.90 x 10% A/m? at 150 K) and
power dissipation were achieved in a vdW heterostructure
of the topological semimetal WTe, and ferromagnet F3GT
(Fig. 5(d)), which indicates feasibility and efficiency of
2D vdW FMs/topological materials.!'’! In addition, the het-
erostructures comprised of the F3GT films on topological
insulator BipTes crystals can realize ultrafast THz spin dy-
namics. Figure 5(e) shows the scheme of F3GT/Bi;Tes het-
erostructures and the experimental geometry of the THz emis-
sion spectroscopy.?%! Flipping the sample orientation can
switch the polarity of THz spectroscopy, confirming that the
generation of THz spin-current pulses originates from the
spin-to-charge conversion induced by electric-dipole breaking
the space-inversion symmetry (Fig. 5(f)). The W (2 nm)/F3GT
(4 nm)/Bi,Te; (8 nm) heterostructures were further fabri-
cated to improve the THz spin-current injection (Fig. 5(g)).
The integration of vdW-type topological materials and mag-
nets offers a promising route to achieving energy-efficient
and high-speed spintronic devices. Recently, Zhao et al.?%%]
designed a room-temperature lateral spin-valve device using
F5GT/graphene heterostructures and achieved the tunnel spin
polarization of about 45%, which enables electrical control of
spin signal and realization of basic building blocks for FSGT
device application. Since FAGT and F5GT are recently dis-

covered, those spin-related applications are in the early stages
and need more effort.

4. The vdW antiferromagnetic materials

Compared to the FMs, the AFMs have the following ad-
vantages: (1) The AFMs have zero net magnetic moments,
so they are immune to external magnetic fields, and their
stray field is negligibly weak, which are expected to real-
ize high-density and stable antiferromagnetic memory de-
vices. (2) They have a higher magnetic resonance charac-
teristic frequency and can work at the THz frequency range.
(3) Most AFMs are insulators, which can prevent the trans-
port of charges, maintain the spin current transport, and re-
duce the Joule heat dissipation. Antiferromagnetic spintronics
has been an emerging and rapidly developing field, which has
become more encouraging with the introduction of 2D vdW
AFMs. It is well known that the measurement and modulation
of the physical properties of AFMs, such as the magnitude and
direction of magnetic moments, are challenging experimen-
tally due to the zero net magnetic moment. Neutron scattering
technology is the only method that can directly observe an-
tiferromagnetic and crystal structures simultaneously and en-
able quantitative studies. The study of the magnetic structures
is helpful to understanding different exchange interactions in
the compound and its various magnetic behaviors, thus guid-
ing for further improving the material properties. In recent
years, the research on 2D vdW magnetic materials has focused
on optical and electrical detection methods, such as Raman
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spectroscopy, Hall resistance, magneto-optic Kerr effect, mag-

[31

netic circular dichroism, etc.[*!l The primary detection tool

for thin layers of AFM is Raman spectroscopy, which is sen-
sitive to spin-lattice coupling and spin-wave excitation.?07]
When the magnetic phase transition breaks both space inver-
sion and time-reversal symmetries, the second harmonic gen-
eration (SHG) spectroscopy can also serve as a powerful tool
in detecting AFM. 13322082101 Among vdW AFMs, those with
A-type magnetic structures are of particular interest due to in-
tralayer ferromagnetic exchange coupling with interlayer an-
tiferromagnetic exchange coupling. The only antiferromag-
netic exchange coupling in A-type AFMs is interlayer cou-
pling mediated by the vdW gap, which makes it usually small
especially compared to those with intralayer antiferromagnetic
exchange coupling. Therefore, the saturated fields are gen-
erally small for A-type AFMs (0.3 T for CrCl3,?'1 0.58 T
for CrSBr, 2121 2 T for Crls,[213-2151 7.7 T for MnBi, Tey,[210]
8.5 T for CrPS4°7), which can provide some advantages for
the manipulation of the magnetic properties. They may ex-
hibit field-induced spin-flop or spin-flip transition for weak
or strong magnetocrystalline anisotropy. When the magnetic
field is along the easy axis, the critical field of spin-flop Hyqp
or saturated field Hs is given by?!7]

Hpop = \/2HarHA — HZ, 2

Hg = 2HAF — Hj, 3)

where Hap and Hp are antiferromagnetic exchange field and
magnetocrystalline anisotropy field, respectively. An increase
in Hp increases Hy,p, while Hs is reduced. When Ha = HaF,
Hpop = Hs. With the further increase of Ha, Hs will be-
come smaller than Hy,p, resulting in a spin-flip transition with
Hpip = Hs. The low-field-induced magnetic transitions in A-
type AFMs make them intriguing. Besides, the ferromag-
netic surface layer makes A-type AFMs suitable for realiz-
ing proximity effects and building vdW magnetic heterostruc-
ture. Based on their critical fields, we will introduce some
specific A-type AFMs that are little focused, unlike Crl3 and
MnBi; Tey.

The T of bulk CrCl3 is 17 K with easy-plane anisotropy
(see Fig. 6(a)).[2'1218] However, the magnetocrystalline
anisotropy of CrCls is weak, which is dominated by the
shape anisotropy,>'®! resulting in a negligible spin-flop tran-
sition around 100-200 Oe in the bulk CrCls.>!!] Above Ty,
there is another short-range magnetic ordering of in-plane FM.
Wang et al.”>'3! constructed the graphite/CrCls/graphite tun-
nel junctions. The odd—even layer effect of spin-flop transi-
tion was first observed in few-layer CrClz by TMR due to a
finite Zeeman energy contributed by the uncompensated mag-
netic moment in odd layer A-type antiferromagnet (Fig. 6(b)).
Odd-even layer effects were observed later in MnBi,Teq (2191
and MnSb,Te4.1??°1 Due to the simple magnetic structure, the
magnetic behavior of A-type antiferromagnet can be well de-

1.[218] The easy-

scribed by the “macro-spin” linear chain mode
plane anisotropy of CrCls offers a good opportunity to ex-
amine 2D-XY FM. Monolayer CrCl; grown on graphene/6H-
SiC(0001) shows ferromagnetic ordering with critical scal-
ing characteristics of a 2D-XY system, indicating the real-
ization of a finite-size Berezinskii—Kosterlitz—Thouless phase
transition.[>?!l Recent calculations show that the magnetic
anisotropy of CrClz can be tuned to be out-of-plane by ap-
plying a compressive strain, further offering a versatile plat-
form to study both 2D Ising and XY FM.!??? In CrCls/bilayer
graphene heterostructures, as shown in Fig. 6(c), the large
nonlocal signals can be observed in magneto-transport nonlo-
cal measurement under perpendicular magnetic fields, which
mainly originate from the exchange-field-induced Zeeman
spin Hall effect (Fig. 6(d)).[?**! Besides, the strong interfacial
spin—orbit coupling in CrCl3/NbSe, can lead to Fulde—Ferrell-
Larkin—Ovchinnikov state.[??4]

Although CrSBr is a relatively new material with de-
tailed physical properties reported in 2020,1?!%! it has al-
ready become a rising star as an air-stable semiconductor.
The Ty of single-crystal CrSBr is 132 K, and the magnetic
ground state is A-type AFM with an easy b-axis which is
confirmed by neutron diffraction.!?>>! The magnetocrystalline
anisotropy of CrSBr is relatively strong with prominently
anisotropic magnetic behavior along three crystallographic
axes, resulting in a spin-flip transition with a magnetic field
of around 0.35 T along the b-axis at 2 K.[>!?] Using the SHG,
Lee et al.'*?®! found an intermediate magnetic phase (labeled
iFM in Fig. 6(e)) in which individual layers are ferromag-
netically ordered internally, but the interlayer coupling re-
mains paramagnetic, which also exists in CrClg.[?!1:226] -
terestingly, a hidden ferromagnetic order related to the ferro-
magnetic ordering of magnetic defects is found below 35 K
related to carrier-mediated FM ordering of magnetic defects
(Fig. 6(f)).?12] The electrostatic gate can tune such a hidden
FM. (2271 A recent study shows a crossover of spin dimension-
ality from 2 to 1 in CrSBr at 40 K, corresponding to a transition

(2251 The shape of exfoliated

from XY to an Ising-type model.
CrSBr flake is usually rectangular, showing the in-plane lat-
tice anisotropy. Similarly, the electronic transport in CrSBr
exhibits quasi-1D behavior, which can be considered systems
formed by weakly and incoherently coupled 1D wires.[??®!
Figure 6(g) shows a strain device that can apply continuous,
(229 The photolumi-
nescence spectra shows a clear 12 meV redshift between the
low- and high-strain states, indicating an antiferromagnetic-to-
ferromagnetic phase transition which is ascribed to the strong

effect of in-plane lattice constant on the interlayer magnetic

in situ uniaxial tensile strain to CrSBr.

exchange interaction.[??°! Bilayer graphene is magnetized by
the proximity of CrSBr, leading to the efficient electrical and
thermal spin-current generation with a strong spin polarization
up to 14% (Fig. 6(h)),>>°1 which shows the great potential of
CrSBr in the 2D spintronics and spin-caloritronics.
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represented in green) (reprinted with permission from Ref. [218]). (b) Measured (orange circles) and calculated (red solid line) magnetoconductance of
graphite/CrCls/graphite tunneling junction with bi- (the top) and trilayer (the bottom) CrCl3 (reprinted with permission from Ref. [218]). (c) Schematic
diagram of CrClz/bilayer graphene heterostructure device and (d) its nonlocal resistance as a function of gate voltage at zero magnetic field and
perpendicular magnetic field (reprinted with permission from Ref. [223]). (e) Magnetic phase diagram of CrSBr presented as a function of layer number
and temperature (65-220 K) (reprinted with permission from Ref. [226]). (f) Magnetic susceptibility of single-crystal CrSBr versus temperature along
the a-axis (solid red dots), b-axis (solid blue dots), and c-axis (solid green dots). The inset shows the magnetic structure of the Cr spins in the AFM state
with the easy axis (b-axis) (reprinted with permission from Ref. [212]). (g) Photoluminescence spectra at 0.9% (black) and 1.4% strain (blue). The inset
is the schematic of the strain cell based on three parallel piezo stacks glued to a titanium backing and flexure. The strain is applied to vdW materials
placed on a gapped SiO,/Si substrate fixed on top of the strain device (reprinted with permission from Ref. [229]). (h) Schematics of a three-terminal
spin valve constructed by a bilayer graphene/bulk CrSBr heterostructure and ferromagnetic electrodes (Al,O3/Co) (reprinted with permission from

Ref. [230]).

The layered metal dichalcogenides CrPS; is somehow
overlooked for a long time. There are many arguments about
the magnetic structure, 23172331 and it was not determined un-
til 2020.°07] Based on neutron diffraction measurement, as
shown in Fig. 7(a), the magnetic moments of CrPSy lie in
the ac plane with a slight deviation of 9.5° from the ¢ axis
at 1.7 K (Fig. 7(b)).171 The Ty of bulk CrPSy is 38 K, and
the magnetocrystalline anisotropy of CrPS4 is weak, which
results in a small Hy,p, of 0.8 T at 2 K. Due to the in-plane
anisotropy, spin-flop-induced moment realignment is paral-
lel to the quasi-1D chains of CrSg octahedra on the b-axis
(Fig. 7(b)).[°62341 In-plane anisotropic behaviors of optical
properties in CrPS, have also been observed.?*>-2371 There
is a hidden spin reorientation transition Tggr at around 35 K
in CrPS; with magnetic moments realigning to the b-axis
upon heating (Fig. 7(c)).[?>*?38] The spin reorientation tran-
sition is first-order and can be considered as a spontaneous
spin-flop transition without a magnetic field due to the sim-
ilar realignment of magnetic moments. The Tsr can be ef-
fectively suppressed by applying pressure while 7y decreases
slightly.[234238] Therefore, the easy b-axis magnetic phase of
CrPS,4 can be stabilized by pressure, further offering another
way to manipulate the Néel vector. Such temperature- and
pressure-driven spin reorientation transition is rare in 2D vdW
magnetic compounds, which could become more dramatic in
the 2D limit. In monolayer CrPS4, FM is well preserved and
air-stable.[>3°) The exchange coupling constants of few-layer
CrPS4 seem to be the same as those of bulk.[>3*) However, the
magnetic properties, such as the spin-flop transition of multi-
layer CrPSy, still require further study. A possible route is us-

ing TMR, and magnetic tunnel junctions based on CrPSy are
predicted to have large TMR (370000% in Au/CrPS4(ten lay-
ers)/Au) with odd—even oscillation (Fig. 7(d)).[**”) The mag-
netic proximity effect is also promising due to the in-plane
FM order.
served in the magneto-transport of heavy metal Pt and Pd in
CrPSy/heavy metal heterostructures.*!! Notably, CrPS4 can
serve as an alternative for hBN in protecting and transfer-

The spin-flop transition of CrPS, flakes is ob-

ring 2D vdW materials, showing great potential in assem-
bling vdW heterostructures.?*?] Besides, CrPS, provides a
large exchange field in NbSe,/CrPS4 heterostructure, leading
to clear nonreciprocal transport.!?*3] Exchange-bias effect was
also found in CrPS, flakes covered with 5 nm NiFe.[244]
Except for A-type AFMs mentioned above, MPS3 (M =
transition metal) vdW family with C-type and G-type AFM is
the most studied. The primary magnetic properties have been
summarized in some reviews. 43241 We will briefly introduce
C-type antiferromagnetic MnPS3 here, a good candidate for
antiferromagnetic spintronics. MnPS3 is predicted to hold the

(247) and later experiments on

248]

spin Nernst effect of magnons,
bulk MnPS3 show evidence of the magnon Nernst effect.|
Xing et al.?**! observed the long-distance magnon transport
in MnPS3; with the magnon relaxation length of 2.8 +0.4 um
at 2 K by nonlocal measurements.?*”! Furthermore, the vdW
magnon valve was realized using MnPS3 (Fig. 7(e)), in which
the second harmonic magnon signal can be turned off by DC
gate current through a metal gate, as shown in Fig. 7(f).[?>"]
Such a fully electrical switching of the magnon signal can
promote complex manganic applications, especially the logic
gates. Unlike FePS3 and NiPS3 with zigzag-type AFM, the
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magnetic ordering breaks both spatial-inversion and time-
reversal symmetries in MnPS3 with Néel-type AFM, making
it possible to be probed by SHG.?*! With sensitive SHG mi-
croscopy, the antiferromagnetic domains can be further im-
aged (Fig. 7(g)).1>>!! Pronounced tunneling magnetoresistance
in monolayer MnPS3 indicates the magnetism is persisted in
the monolayer limit,!'°* which is also theoretically possible
owing to the dipolar interactions in MnPS3.[25%233 However,
Raman!!%?! and SHG!?>!! indicate that the monolayer is non-
magnetic. An anomalous mirror symmetry breaking in sam-
ples thinner than ten layers shows the disorder effect in few-
layer MnPS;3 (Fig. 7(g)).[>>!! All these puzzles in the few-layer
MnPS3 need further studies.

The MOX (M =V, Cr, Fe, Dy; X = Cl, Br) is also a vdW
antiferromagnetic family with relatively complex magnetic
structures. Therefore, the relevant research is very little on the
concept of 2D magnetism. They usually possess orthorhom-
bic structures, while most magnets are monoclinic. Strong
magnetoelastic coupling is observed in VOCI, >34 FeOC,[2>]
and CrOCL.[2%%1 CrOCl is a stripy antiferromagnet with Ty =
13.5 K, and the magnetic cell is a, 4b, ¢.[®71 At 27.7 K,
there is another transition related to incommensurate magnetic
superstructures.>>%! A recent study shows that CrOCI is air-

stable and has strong in-plane anisotropy.>3®! Due to the field-
induced magnetic phase transition, the magnetic state of few-
layer CrOCl can be probed by TMR. Figure 7(h) is a magnetic
phase diagram probed by TMR in four-layer CrOCI, which
shows that a spin-flop transition will occur first, followed by a
magnetic phase transition from 11/ to 1171]J magnetic state
under a magnetic field along the ¢ direction.['*3] The dras-
tic change of tunneling current in monolayer CrOCI indicates
its magnetism can persist in the monolayer limit.!>*) FeOCl
has a complex spiral magnetic structure with a magnetic unit
cell 28 times the size of the nuclear one.!' A recent study
shows that FeOCl possesses strong in-plane optical and elec-
trical anisotropy.!'>* It would be interesting to explore the
interplay between noncolinear magnetic structure, anisotropy,
and dimensionality in few-layer FeOCl. DyOCl is also an A-
type antiferromagnet recently determined by neutron diffrac-
tion with the Néel temperature of 10 K. Due to the high atomic
number of rare-earth Dy, DyOCI exhibits strong magnetocrys-
talline anisotropy with magnetic moment of 9.2 ug for the b-
axis field but only 0.2 up for the c-axis field of 50 kOe at
2 K.1%°1 The magnetization undergoes two transitions whereas
the first one exhibits hysteresis, which is more complex than
the simple spin-flip transition and needs further investigation.
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Fig. 7. (a) Neutron diffraction patterns of CrPS4 powder sample at 40 K and 1.7 K, respectively. The black arrows represent magnetic diffraction peaks
due to antiferromagnetic ordering (reprinted with permission from Ref. [97]). (b) Crystal and magnetic structure of CrPSy (the left) and the ab plane
of CrPS4 monolayer (the right) (reprinted with permission from Ref. [97]). (c) Temperature-dependent susceptibility of CPSy4 single crystal, measured
at external field H = 100 Oe with H//b on cooling and warming in the vicinity of the magnetic transitions (reprinted with permission from Ref. [238]).
(d) The TMR in a log scale as a function of the CrPS4 layer number 7 in Au/n-layer CrPS4/Au) magnetic tunnel junction (reprinted with permission
from Ref. [240]). (e) Artistic schematics of the thermal magnon generation, manipulation, and detection in MnPS3. The upper left section shows
the device structure with external circuits and the direction of the external in-plane magnetic field; the lower right section shows the propagation and
modification of spin waves by the gate (reprinted with permission from Ref. [250]). (f) Operation of the MnPS3 magnon valve with the DC gate current
Igare Tepeatedly toggles between O pA (on state) and 150 pA (off state) (reprinted with permission from Ref. [250]). (g) The top is the optical image
of the nine-layer MnPS3 sample (scale bar: 20 pm) and its SHG intensity mapping measured at 5 K (reprinted with permission from Ref. [251]). The
bottom is the SHG polar patterns of antiferromagnetic MnPS3; domains in nine layers measured at 5 K (reprinted with permission from Ref. [251]).
(h) Magnetic phase diagram of four-layer CrOCI probed by TMR (reprinted with permission from Ref. [123]).

5. Summary and outlook

Exploration and investigation into intrinsic FM and AFM
of the 2D vdW materials are of utmost importance for un-
derstanding low-dimensional magnetism and developing next-

generation spintronic devices at the atomic scale. This re-

view focused on magnetism in vdW magnetic materials and
summarized fundamental magnetism, the modulation of mag-
netism, and the spin-related device. Although there has been
impressive progress in emancipating several concepts and un-

derstanding in the field of 2D vdW magnetic materials, many

087506-11



Chin. Phys. B 31, 087506 (2022)

scientific and technical challenges in the aforementioned re-
search directions for 2D vdW magnetic materials still need re-
searchers to spare no effort.

Exploration of new vdW magnetic materials Until
now, the 2D vdW magnetic materials as a striking member
of the 2D vdW family are rare. Thus, it is necessary to en-
rich the family. For most reported vdW magnetic materials,
instability and low magnetic ordering temperatures have been
central obstacles in deep research and the potential application
of 2D magnetism. It is essential to address those issues by dis-
covering more 2D vdW magnetic members. The investigation
of the existing system is also significant to deal with the above
problem, such as in itinerant ferromagnetic systems with high
Tc.

Fundamental issues of condensed matter physics From
the perspective of magnetic states, there are 1651 magnetic
space groups to describe bulk magnetic structures and 528
magnetic layer groups to describe 2D magnetic structures, far
more extensive than space groups.!'!! Therefore, the explo-
ration of in-depth intrinsic magnetism is very complicated but
essential. However, most detection methods can only offer
qualitative results on the few-layer magnetism of vdW mag-
netic materials.[®3! Thus, quantitative characterization with
nanometer spatial resolution is still in demand and is expected
to acquire an in-depth understanding of 2D magnetism. More-
over, there are few techniques to measure the magnetic prop-
erties of AFMs directly. Thus, some novel and sophisticated
techniques for in situ detection, like quantum magnetic imag-

2602611 poed

ing technique based on nitrogen-vacancy center,
to be developed.

The combination of 2D vdW magnetic materials and
other functional materials is a significant issue. Controllable
stacking of materials with different properties such as mag-
netic ordering, charge ordering, superconductivity, spin-valley
coupling, and topological band structure is encouraged be-
cause it can help us understand in-depth physical phenomena
accompanied by many particular properties such as new spin
textures and exotic Berry phases.

The cutting-edge application of 2D vdW magnets The
combination of FMs and AFMs can induce the exchange-bias
effect, which is promising for future applications in high-
density storage. Similar to superconductivity in twisted bi-
layers of graphene,*6?! it is possible to manipulate and un-
derstand the coupling of FM and AFM in the 2D limit by
twisting engineering to combine and extend the properties of
their constituent parts, which has a little preliminary progress
on twisted bilayer FM/FM Crl;3[2012931 or double bilayer
AFM/AFM Crl3.12641 Moreover, the interplay between mag-
netism and topology in twisted heterostructures deserves at-
tention. For example, the magnetic skyrmions are topological
spin textures, which are likely to be observed by twisting two
magnetic layers.!?6>26%] Combined with the external electric

field, strain, and pressure, the above properties can be further
modulated. In particular, the unique magnetic structures of
AFMs will play a vital role in the future. A predictable as-
sumption is switching the spins in upper and lower layers in
the A-type antiferromagnetic structure by applying the SOT
effect separately,*! which is further expected to be applied to
the THz regime.

We envision that 2D vdW magnets would help to pro-
mote a revolutionary development for the highly integrated
electronic and spintronic devices in information computation,
communication, and storage technologies.
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