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Abstract: Two-dimensional (2D) van der Waals (vdW) magnetic materials are considered to be ideal
candidates for the fabrication of spintronic devices because of their low dimensionality, allowing
the quantization of electronic states and more degrees of freedom for device modulation. With the
discovery of few-layer Cr,Ge,Tes and monolayer Crl; ferromagnets, the magnetism of 2D vdW
materials is becoming a research focus in the fields of material science and physics. In theory, taking
the Heisenberg model with finite-range exchange interactions as an example, low dimensionality
and ferromagnetism are in competition. In other words, it is difficult for 2D materials to maintain
their magnetism. However, the introduction of anisotropy in 2D magnetic materials enables the
realization of long-range ferromagnetic order in atomically layered materials, which may offer new
effective means for the design of 2D ferromagnets with high Curie temperature. Herein, current
advances in the field of 2D vdW magnetic crystals, as well as intrinsic and induced ferromagnetism
or antiferromagnetism, physical properties, device fabrication, and potential applications, are briefly
summarized and discussed.

Keywords: two-dimensional materials; ferromagnetism; antiferromagnetism; van der Waals magnet

1. Introduction

Although research on low-dimensional ferromagnets can be traced back to the early
1970s, due to the limitations of material synthesis technologies, the investigation of ferro-
magnets was mostly focused on bulk materials for quite a long time [1-3]. In recent years,
the development of epitaxial synthesis and exfoliation techniques has greatly advanced
the research of two-dimensional (2D) materials. Various kinds of 2D materials, such as
transition metal dichalcogenides (TMDs), ternary transition metal compounds (ABX3),
transition metal carbide/nitrides (MXene), and their potential related applications, have
been reported in succession. In particular, materials that possess 2D ferromagnetism devel-
oped rapidly [4], which is of great importance for highly sensitive magnetic measurement
methods [5-7]. Ferromagnetism originates from the intrinsic magnetic dipole moment
or the parallel arrangement of electron spin in the crystal, which allows for spontaneous
magnetization even without an external magnetic field.

For the field of 2D magnetism, there are several key theoretical concepts and frame-
works; for instance, the Ising transition theory [8], the Berezinskii-Kosterlitz—Thouess (BKT)
transition of the XY model [9,10], and the Mermin-Wagner theorem [11]. According to
the Mermin-Wagner theorem, short-range isotropic interaction cannot realize long-range
continuous rotational symmetry in low-dimensional systems, as demonstrated by the 2D
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isotropic Heisenberg model. This is mainly due to the enhancement of 2D fluctuations,
which induces unsustainable order and symmetry breaking. Nevertheless, some earlier
theoretical research based on 2D membranes revealed that anharmonic coupling can sup-
press such fluctuations [12-14]. According to Ising transition theory, it is practicable to
generate a low energy gap by introducing anisotropy, which also enhances the stability of
long-range correlation in 2D materials to establish long-range order. This indicates that low
symmetry of 2D materials is necessary to realize ferromagnetism in a low-dimensionality
system. Meanwhile, the existence of internal enhancement and new potential fluctuations,
theoretically, may also result in other order types, such as superfluid order, superconduct-
ing order, and topologic order [10,11]. However, the introduction of anisotropy requires
external effects, for example, an external magnetic field, by introducing defects to reduce
the symmetry, etc. [15,16].

Inspiringly, Xu and Zhang et al. discovered ferromagnetic behavior in atomically thin
Crl; [15] and CryGe;Teg [17], opening the door for investigating 2D intrinsic ferromagnets
with high Curie temperature (T¢). Notably, the layered structure of 2D materials brings
many variables to its magnetic properties. In other words, the ferromagnetism of some
2D intrinsic ferromagnets may be layer-dependent, like PtSe;, indicating that it is feasible
to modulate ferromagnetic properties, especially the Curie temperature, by adjusting the
number of layers or interlayer doping. Significantly, 2D intrinsic ferromagnets provide a
great way for researchers to investigate various quantum effects and electron spin, such
as the magnetic proximity effect [18-21], anomalous Hall effect [22,23], circular optical
polarization [24,25], and so on, all of which are considered to be key to semiconductor
self-spin electric devices.

2D magnetic materials are a vital part of the 2D family. In this review, we will focus on
the synthesis, structure, ferromagnetism (or anti-ferromagnetism), and related magnetic
phenomena of recently reported 2D magnetic materials. We summarize the current research
status of 2D magnetic materials and describe prospective challenges, aiming to provide
readers with a deeper understanding of this field. In addition, in view of the current
challenges in this field, we give some constructive suggestions to provide helpful directions
for future research. We believe that comprehensive insight into 2D magnetism is highly
conducive, not only to the development of magnetic engineering, but also to expand the
application of such materials in spin electronics and related devices.

2. Origin of Magnetism

The magnetism of materials, in essence, is a purely quantum mechanical effect, which
can be explained by electron spin and the Pauli exclusion principle [26-28]. Electronic spin,
as well as its orbital angular momentum, will generate a dipole moment and a magnetic
field. In the vast majority of cases, because electrons all exist in pairs with opposite spin,
the total dipole magnetic moment of all electrons in a material is zero. Only those materials
with partially filled shells will generate a net magnetic moment, from which we can observe
a macroscopic magnetic field. According to Hund’s rules, the first few electrons in a shell
tend to have the same spin, thereby increasing the total dipole moment. According to
the Pauli exclusion principle, two electrons with the same spin cannot exist in one orbital.
Therefore, as a consequence of the overlapping outer valance electron orbitals from adjacent
atoms, the parallel-spin state will have more dispersed electric charge distributions in space
than the anti-parallel-spin (opposite-spin) state. In other words, the parallel-spin state has
lower electrostatic energy compared to the anti-parallel-spin state; that is, the parallel-spin
state is more stable. In quantum mechanics, when two neighboring atoms have unpaired
electrons, this effect induces the electronic spin state to tend to a parallel-spin state, which
is called an “exchange interaction”. Wertheim et al. calculated the range of exchange
interaction in iron alloys, which is very short [29]. B. Cogblin and J. R. Schrieffer carried
out complex computations of exchange interactions in alloys with cerium impurities, in
which the resultant Hamiltonian interaction differs qualitatively from the conventional s—f
exchange interaction [30]. According to this new interaction, they worked out the Kondo
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effect, the spin-disorder resistivity, the Ruderman—Kittel interaction, and the depression of
the super-conducting transition temperature are a function of impurity concentration for
alloys containing cerium impurities.

2.1. Exchange Interaction

Generally, there are three kinds of exchange interaction, including Ruderman—Kittel—
Kasuya-Yosida (RKKY) exchange, double exchange, and superexchange.

2.1.1. RKKY Exchange

RKKY exchange, referring to the coupling mechanism of nuclear magnetic moments
of localized inner d- or f-shell electron spins in metal through the interaction of conduction
electrons, was originally proposed by Malvin Ruderman and Charles Kittel [31]. Accord-
ing to second-order perturbation theory, Ruderman and Kittel put forward a particular
indirect exchange coupling, in which the nuclear spin of two atoms interacts with the
same conduction electron through the hyperfine interaction, generating correlation energy
between these two nuclear spins. RKKY exchange was initially used to explain the broad
nuclear spin resonance lines observed in natural metallic silver and one of the most signifi-
cant applications of RKKY exchange is to predict the existence of giant magnetoresistance
(GMR) [32,33]. The computational study of Hussein et al. discovered that RKKY interaction
will bring about periodic long-range magnetic interactions in certain doped semiconductor
oxides, which are of great significance for the study of spintronic materials [34]. Some
researchers confirmed that the magnetic properties of graphene are closely related to RKKY
exchange interaction (Figure 1a) [35].

2.1.2. Double Exchange

Clarence Zener first proposed the double exchange mechanism, which is a kind of
magnetic exchange that may occur between ions in different oxidation states [36]. P. G.
de Gennes systematically studied the effects of double exchange in magnetic crystals and
drew the conclusion that the special form of double exchange coupling was such that all
antiferromagnetic (and also all ferrimagnetic) spin arrangements were distorted as soon
as some Zener carriers were present [37]. According to the double exchange theory, it
is possible to work out the exchanged single electron between two substances with rela-
tive ease and make a prediction for the magnetic properties of certain kinds of materials.
The work of Kubo et al. investigated metallic double exchange ferromagnets, such as
doped LaMnOQOg, through an effective Hamiltonian derived from the s-d model Hamilto-
nian. Korotin et al. discovered a self-doped double exchange ferromagnet CrO; through
band structure calculation. They found that CrO, possesses both localized and itinerant
(delocalized) d electrons concurrently, resulting in ferromagnetic ordering due to double ex-
change, which is similar to colossal magnetoresistance (CMR) manganates (Figure 1b) [38].
Ghosh et al. studied the dc magnetization of the critical phenomena in a high-quality single
crystal of the double exchange ferromagnet Lag 7Srg 3MnOj3, from which they found that
the magnetization-field-temperature (M — H — T) behavior below and above T¢ obeys
a certain scaling, following a single equation of state in which M/(1 — T/T¢)? is uniquely
related to H/(1 — T/Tc)P * 7 [39].

2.1.3. Superexchange

Superexchange, also known as Kramers—Anderson superexchange, was first advanced
by Hendrik Kramers [40] and later refined by P. W. Anderson [41], and is the antiferromag-
netic coupling between two adjacent cations with a non-magnetic cation as the medium.
The difference between superexchange and double exchange is the occupancy of the d-
shell of the two metal ions in the same or differs by two, while the electrons are itinerant
(delocalized) in double exchange. According to superexchange theory, when the two ad-
jacent cations are orientated at 90 degrees to the bridging non-magnetic anion, such an
interaction may be ferromagnetic. Junjiro Kanamori made a profound investigation of the
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relation between the symmetry of electron orbitals and superexchange interaction. His
work revealed that if the cation was subjected to a crystalline field arising from octahe-
drally or tetrahedrally surrounding anions, the sign of the superexchange interaction was
closely connected with the cation orbital state; furthermore, the sign of the superexchange
interaction was determined from symmetry relations in certain circumstances [42]. A later
work of P. W. Anderson examined the theory of indirect exchange in poor conductors
from another viewpoint, in which the d (or f) shell electrons placed in wave functions are
assumed to be exact solutions of the problem of a single d-electron in the presence of the
full diamagnetic lattice. He came to the conclusion that d-electron interactions lead to three
spin-dependent effects which, in the usual order of their sizes, were superexchange (always
antiferromagnetic), direct exchange (ferromagnetic), and an indirect polarization effect
analogous to nuclear indirect exchange, among which superexchange itself is closely related
to the poor conductivity, in agreement with experiments [43]. M. A. Gilleo made a thorough
study of superexchange interaction in ferrimagnetic garnets and spinels that contained
randomly incomplete linkages. He revealed that a magnetic ion interacts with at least two
other magnetic ions in different coordinations, because ferrimagnetism is a cooperative phe-
nomenon [44]. Téru Moriya developed a theory of anisotropic superexchange interaction
by extending the Anderson theory of superexchange to include spin-orbit coupling [45,46].
This work derived the antisymmetric spin coupling predicted by Dzialoshinski from purely
symmetry grounds and proposed a symmetric pseudo bipolar interaction and a spin ar-
rangement of CuCl,-2H,0 that was different from what was previously expected. In
particular, the energy gap between the parallel-spin state and the anti-parallel-spin state
was called the exchange energy [47]. Exchange interaction is of great significance in spin-
tronics, magnetism, and other fields, and many frontier applications are derived from it.
Actually, in the early 2000s, Divincenzo et al. developed a universal quantum computation
method based on exchange interaction. They provided an explicit scheme in which the
Heisenberg interaction alone suffices to implement exactly any quantum computer circuit,
offering an alternative route to the implementation of quantum computation [48].

2.2. Magnetic Anisotropy and Magnetic Domain

Although exchange interaction keeps the spins consistent, it does not align the spins
in a specific direction; instead, the spins in a magnet randomly change direction in re-
sponse to thermal fluctuations. Magnetic anisotropy is a prerequisite for macroscopic
magnetic phenomena, and without it, a magnet is superparamagnetic. Magnetic anisotropy
originates from several aspects, such as magnetocrystalline anisotropy, shape anisotropy,
magnetoelastic anisotropy, and exchange anisotropy. Significantly, ferromagnets usually
exhibit an unmagnetized state macroscopically, which is because bulk ferromagnetic ma-
terial is composed of many tiny magnetic domains (Weiss domains) [26]. Although the
spins are aligned within each magnetic domain, if the bulk ferromagnetic material is in
the lowest energy state (unmagnetized state), no net large-scale magnetic field exists be-
cause the magnetic fields of the different, tiny magnetic domains counteract each other.
For a kind of material, if all the magnetic ions in its unit cell point in the same direction,
it is ferromagnetic. Otherwise, if the orientation of different magnetic ions is opposing,
such material is antiferromagnetic. Additionally, in the latter case, supposing the effect of
different magnetic ions with opposite directions cannot be offset, the material will exhibit
ferrimagnetism.

2.3. Curie Temperature and Néel Temperature

Temperature is another important factor affecting magnetism. The increase of temper-
ature will lead to the enhancements of thermal motion and increase of entropy increases,
which will greatly affect the magnetic properties of the material. When the temperature
rises beyond a critical value, a second-order phase transition will occur, and the spontaneity
of the whole system will no longer exist, which means the material is completely param-
agnetic [49]. In ferromagnetic and antiferromagnetic materials, such values are defined
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as the Curie temperature and Néel temperature, respectively. The Curie temperature is a
critical temperature for ferromagnetism, and determines the highest temperature at which
ferromagnetism exists stably. Curie temperature is extremely vital for the application
of ferromagnetic materials. Similarly, the Néel temperature is the highest temperature
that the antiferromagnetic phase can exist stably; otherwise, the antiferromagnetic phase
will transform to a paramagnetic phase when the temperature is higher than the Néel
temperature.
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Figure 1. (Color online). (a) Graphene honeycomb lattice with the two sublattices, A and B, in dark
and light colors, respectively. The lattice unit vectors, c¢; and cp, lattice constant a = 2.46 A, as well as
the two most common directions, zigzag and armchair, are displayed (left). Unit—cell setups in the
antiferromagnetic configuration with the distance, R, between impurity spins are shown, as well as
the padding, p, surrounding them (right). Reused with permission from [35]. (b) Angular distribution
of ab (left) and (yz + zx) (right) electron spin density for the nearest Cr neighbors as determined by
LSDA + U. The crystallographic c-axis is indicated. The left panel shows orbitals containing localized
spins, and the right panel shows the more dispersive d orbitals forming bands that cross the Fermi
level. Reused with permission from [38]. (c) Schematic diagrams of the superexchange interaction and
ferromagnetic coupling in Crl3 and CrGeTesz monolayers (upper panel). G,y is the virtual exchange
gap and A, represents the energy gap opened by the crystal field. Red arrows represent the spin-up
electrons. Schematic diagrams of orbital evolution and the origin of energy level staggering in Cr
and W alloy systems (lower panel). The red and cyan bars represent spin-up and spin-down orbitals,
respectively. The uc, and uyy are the exchange splits for the Cr- and W-d orbitals, respectively. The A.
is the energy gap opened by the crystal field. Reused with permission from [50].

2.4. 2D ferromagnetic Materials

2D ferromagnetic materials are ideal candidates for next-generation spintronics de-
vices, requiring Curie temperatures far higher than room temperature, which has become
the biggest obstacle to its development. Recent theoretical calculations predict that the
ferromagnetic coupling of 2D ferromagnetic semiconductors can be significantly enhanced
without introducing carriers by isovalent alloying (Figure 1c) [50]. Searching for an ef-
fective way to raise the Curie temperature of 2D ferromagnetic materials above ambient
temperature is one of the great challenges in this field.

3. Ferromagnetic 2D vdW Materials

Ferromagnetic materials possess intrinsic magnetic moments and various exchange
interactions, which results in intrinsic moments coupling in the same direction and forming
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long-range magnetic orders. Under an external magnetic field, the internal magnetization
is therefore strong and can be easily observed macroscopically. In fact, ferromagnetism is
essentially a form of magnetic sequence [51]. The existence of various defects and impurities
in materials will inevitably hinder the movement of domain walls to a certain extent.
Consequently, there is a hysteresis phenomenon in the relationship between magnetization
intensity and magnetic field in a ferromagnet, which is regarded as a feature of material
ferromagnetism.

3.1. Intrinsic Ferromagnetic 2D vdW Materials
3.1.1. Cr2G62T€6

CryGe;yTeg crystal was first synthesized by a solid-state reaction method [52]. Bulk
CryGe;Teg is a typical semiconductor ferromagnet with a bandgap of 0.7 eV and a Curie
temperature of 61 K, in which the atomic layers are stacked in the form of ABC along the
c-axis, while the chromium ions are located at the center of micro-distorted octahedron
comprised of tellurium atom (Figure 2a) [53,54]. To detect the magnetism of conducting fer-
romagnets, magnetoresistance and the abnormal Hall effect (AHE) are commonly adopted
methods, especially for micro/nano devices [55,56]. However, as insulating ferromagnets,
such transport measurement cannot be directly applied to Cr,GeyTes. Lohmann et al.
explored an alternative way to probe the magnetic properties of thin Cr,Ge;Teg flakes [57].
They exfoliated Cr,Ge;Teg and constructed a heterojunction between thin Cr,Ge, Teg flakes
and Pt. Through this new approach, the detected hysteresis loop of AHE was kept at
60 K, which is close to the Curie temperature of its bulk magnetization. Further density
functional theory calculations (DFT) revealed that the reason for the observed AHE was
induced ferromagnetism in the Pt part.

Moreover, researchers developed an effective way to construct high-quality CrSe, /WSe;
vdW heterostructures with clearly resolved Moiré superlattices, in which the dangling-bond-
free WSe; functions as an excellent substrate for the vdW epitaxial growth of ultrathin CrSe;
nanosheets with tunable thickness down to the monolayer limit. These CrSe; /WSe; vdW
heterostructures display strong air stabilities with robust thickness-dependent magnetic
properties [58]. Meng et al. developed a Chemical Vapor Deposition (CVD) strategy to
synthesize single crystals of ferromagnetic vdW 1T-CrTe, with various thicknesses, which
provides an ideal platform for the investigation of intriguing physical phenomena and
offers the possibility of fabricating high-temperature magnetoelectric devices in the 2D limit
because of their layer-dependent magnetic anisotropy and anomalous thickness-dependent
Tc. 1T-CrTe;, meanwhile, exhibits excellent processing ability in the air and a robust
AHE without any encapsulation for samples with a thickness greater than 5 nm, which
proves the relatively good stability of this material and demonstrates its potential in fu-
ture spintronic devices [59]. Moreover, Zhang et al. successfully synthesized ultrathin
CrTe, films via the molecular beam epitaxy (MBE) method. For few-layer films, CrTe;
exhibits intrinsic ferromagnetism with a Curie temperature up to 300 K, an atomic magnetic
moment of ~0.21 uB/Cr, and a perpendicular magnetic anisotropy (PMA) constant (Ku)
of 4.89 x 10° erg/cm? at room temperature, which was unambiguously evidenced by a
superconducting quantum interference device and X-ray magnetic circular dichroism. Even
in a monolayer sample, ferromagnetic order still exists with T ~ 200 K [60].

The T¢ of Cr,Ge;Teg is sensitive to thickness, which suggests the interlayer coupling
is vital for the ferromagnetic order of Cr,Ge,Teg crystal. Wang et al. fabricated a device
based on a few-layered Cr,Ge,Teg with h-BN encapsulation on a silica substrate, in which
they observed a strong field effect through electrostatic gating [61]. Low-temperature
microregion Kerr measurement of Cr,Ge;Teg transistors was also carried out using an ionic
liquid and solid silicon gate. Additionally, the authors realized a tunable magnetization
circuit with different gate doping conditions. Under the different gate doping conditions,
the microregion Kerr measurement of the device displayed a bipolar tunable magnetization
loop below the Curie temperature, which was mainly caused by torque rebalancing in the
spin-polarized band structure.
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Tuning the internal electron spin and system magnetism under an electric field has
always been a great challenge, and is of great significance for controlling quantum states
via electrostatic gating technology for nanoelectronics systems [62]. Recently, Ren et al.
theoretically investigated the variations of electronic structures and magnetic properties of
bilayer Cr,GepTeg with different strains and electrostatic doping concentrations. According
to their work, the ferromagnetic stability of bilayer Cr,Ge,Teg can be enhanced within a
critical strain range of —3% to 1%, as well as a critical doping range of 0 to 0.2 e/u.c., in
theory. Beyond these critical ranges, due to the competition between various exchange
interactions, the tensile strain will induce a phase transition from ferromagnetism to
antiferromagnetism. Moreover, compressive strain or electrostatic doping induces the
magnetization direction to change from out-of-plane to in-plane [63].

3.1.2. Fe3GeTe,, FesGeTe,

Fe3GeTe, (FGT) is a kind of vdW magnet, which was first prepared by a direct solid-
state reaction [64]. In each FGT monolayer, heterogeneous FesGe metal plates were sand-
wiched between two tellurium layers (Figure 2b), with two inequivalent Fe sites, Fe;>*
and Fep?*, per formula unit [64,65]. Deng et al. successfully synthesized high-quality
bulk single crystals via the chemical vapor transport (CVT) method and investigated their
layer-dependent ferromagnetism under a voltage gate. As the number of layers was re-
duced to a single layer, although FGT became more insulating, ferromagnetism still existed.
However, monolayer FGT lost its strong 2D ferromagnetism and vertical anisotropy;, as its
Curie temperature dropped rapidly from 207 K to 130 K [65]. The work of Yi et al. revealed
that the antiferromagnetic transition of single-crystal Fe;GeTe, occurs at 152 K and 214 K,
where the antiferromagnetic state is highly anisotropic and the magnetic moment is only
parallel to the c-axis [66]. The discovery of tunable ferromagnetism and changes in mag-
netic anisotropy in Fe3;GeTe; offers an exciting platform for exploring the application of
vdW magnets in room-temperature spin electronic devices.

Mechanical exfoliation is an efficient way to obtain few-layer FGT, where SiO,/Si [67]
or gold films are evaporated on 5iO, /Si [68] as substrates. Deng et al. developed an Al,Os-
assisted exfoliation method, which can be used to obtain monolayer FGT [65]. Li et al.
prepared FGT crystal by CVT on Si (111) substrate, of which the long-range magnetic
order possesses an unconventional out-of-plane stripe domain phase. In the focused ion
beam-patterned Fe3GeTe; microstructure, the out-of-plane stripe domain phase changed
dramatically at 230 K to an in-plane vortex phase that lasted longer than that at room
temperature (Figure 2c) [69]. Fei et al. observed an out-of-plane magnetic sequence
by polar reflection circular dichroism (RMCD) and magneto-optical Kerr effect (MOKE)
microscopy in few-layer FGT, which was fabricated on gold substrates [67]. The decrease of
T¢ and out-of-plane anisotropy, as well as the transformation from {3 to 2D Ising, indicates
that the FGT monolayer is a real 2D flow ferromagnet (Figure 2d). Moreover, Tan et al.
experimentally investigated the anomalous Hall effect on single crystalline FGT nanoflakes
and showed that their magnetic properties are highly dependent on thickness. Importantly,
a hard magnetic phase with large coercivity and a near-square-shaped hysteresis loop can
be observed when the thickness of FGT is less than 200 nm. These characteristics were
accompanied by strong PMA, making vdW FGT a ferromagnetic metal suitable for vdW
heterostructure-based spintronics [55]. May et al. successfully synthesized Fes5_,GeTep
bulk single crystals using iodine as a mineralizer/transport agent together with elemental
Fe granules, Ge pieces, and Te shot in sealed, evacuated silica ampules that were then
exfoliated [70]. Their measurement of the Fe5_,GeTe, bulk single crystal exhibited a
high T¢ of 310 K (Figure 2e,f). Significantly, ferromagnetic behavior still exists near room
temperature in flakes exfoliated to a four-unit cell thickness (12 nm). According to the
structure and magnetic analysis of Fes_,GeTey, a solid solution Fes_;_4NicGeTe, with
x = 1.3 was synthesized [71]. Their results suggested that the substitution of nickel had
little influence on its structure. Compared with Fe;GeTe,, although the application of
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Fes_5_xNiGeTe; in spin electronic devices showed similar performance, the adoption of
Ni doping instead of using T¢ to adjust psat may be advantageous.
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Figure 2. (a) Crystal structure of CryGe,Teg. Reused with permission from [53,54]. (b) Structure of
monolayer FGT. The left panel shows the view along [001]; the right panel shows the view along [010].
Reused with permission from [65]. (c) Temperature-dependent domain imaging of Fe3GeTe,. Reused
with permission from [69]. (d) Criticality analysis for FGT flakes of different thicknesses. Reused
with permission from [67]. (e) Crystal structure and real space STEM image of Fe5_,GeTe;. The left
panel is the average crystal structure obtained from single-crystal X-ray diffraction data where Fe
(1) and Ge are split sites; the right panel is a Z-contrast HAADF image with simulation overlaid in
the region outlined by a white box. Reused with permission from [70]. (f) Magnetic characterization
of bulk single crystals and polycrystalline samples. Temperature dependence of the magnetization
upon cooling in an applied field H//c (Mc) and H_Lc (Mab) for single crystals as well as data for the
polycrystalline sample (upper panel). Normalized lattice parameters reveal a strong magnetoelastic
coupling near 100 K (lower panel). Reused with permission from [70].
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3.1.3. CrXz (X =1, Br)

Different from traditional metal monolayers, the coupling between magnet and sub-
strate is very weak in Crlz with T¢c = 45 K, which is considered an insulating magnet.
Huang et al. exfoliated few-layer Crl; flakes with graphite encapsulation from a bulk
crystal synthesized by mixing chromium powder and anhydrous iodine beads [15]. Their
work revealed an interesting layer-dependent ferromagnetic phase in Crl; flakes, which
displayed a transition from monolayer ferromagnetism to bilayer antiferromagnetism, and
even back to the ferromagnetism of the trilayer or bulk. Monolayer Crls, with intrinsic
ferromagnetism and layer-dependent magnetic behavior, provides a great platform for
studying quantum phenomena, as well as engineering new low-temperature magneto-
optical devices.

Crl; is a typical Ising model ferromagnet with strong out-of-plane anisotropy [72] that
has a rhomboid structure [73] stacked in the form of ABC. In every single layer, chromium
atoms bond with six I atoms in octahedral coordination to form a honeycomb structure
(Figure 3a) [74]. Jiang et al. fabricated dual-gate, field-effect devices of atomically thin
Crls, in which h-BN and few-layer graphene were applied as a gate dielectric and contact
electrode, respectively [75]. According to their experimental results, the magnetic properties
of mono- and bilayer Crl; were controlled by electrostatic doping of vertical Crl3 graphene
heterostructure. Notably, for bilayer Crl;, electron doping above ~2.5 x 10'3 cm 2 induces a
ground state transition from antiferromagnetic to ferromagnetic in the absence of a magnetic
field (Figure 3b). As reported, CrBrj is the better choice for magnetic applications compared
with Crl3 because of the former’s higher air stability [76]. Zhang et al. observed the
ferromagnetism of few-layer CrBrz by polarization-resolved magneto photoluminescence.
The light absorption spectrum of CrBrj exhibits a dependence on the out-of-plane magnetic
field, which indicates its potential application in the field of optoelectronics. Unlike bilayer
Crl, with antiferromagnetic coupling between layers in the ground state, six-layer CrBrs
remains ferromagnetic, which indicates its interlayer coupling is ferromagnetic (Figure 3c).
Chen et al. successfully grew monolayer and bilayer CrBr; on highly oriented pyrolytic
graphite (HOPG) substrates with the MBE method, in which the direct observation of vdW
stacking-dependent interlayer magnetism was realized for the first time [77].

3.1.4. MSe; (M = Mn, V)

In previous studies, massive MnSe, compounds, such as MnSe; (pyrite structure)
and «-MnSe (halite structure), were found not to be ferromagnetic [78,79]. However,
J. O’Hara et al. observed room-temperature ferromagnetism in MnSey films grown by
MBE [80]. They attributed the observed magnetic signal to the intrinsic ferromagnetism of
monolayer MnSe;. For thicker crystals, it was speculated that intrinsic ferromagnetism may
come from interface magnetism combined with vdW-MnSe; and/or a-MnSe (111). The
side view of the lattice clearly showed a single layer of x-MnSe (111); that is, the three layers
of Se-Mn-Se atoms highlighted by the dotted line in Figure 3d are equivalent to 1T-MnSe;.
DFT calculations suggested that for the monolayer MnSey, its 1T structure was thermody-
namically stable and possessed ferromagnetism close to room temperature [81,82].

For monolayer VSe,, in addition to its ferromagnetic properties, the existence of an
enhanced charge density wave (CDW) transition temperature, metal-insulator transition,
and valley polarization has been authenticated or predicted [83-85]. CVT [86], CVD [87],
and electron beam evaporation [88] have been applied to the synthesis of VSe; thin films.
Recently, Xie’s team successfully fabricated ultra-thin (4-8-layer) 2D VSe, nanosheets by
exfoliating large VSe; crystals in a formamide solvent, in which the electronic and magnetic
properties of the 3D bulk phase were well retained [89]. Chen et al. performed DFT
studies on the geometric structure, stability, and magnetic and electronic properties of
three-dimensional (3D) bulk VSe;, 2D few-layer to monolayer nanosheets, as well as one-
dimensional (1D) nanoribbons and nanotubes derived from VSe; in detail [90]. Bonilla et al.
adopted the electron beam evaporation method to prepare few-layer VSe, on HOPG and
MoS, substrates by simultaneously depositing selenium atoms. The films were annealed
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at 300 °C for 5 h, in which a strong ferromagnetic order with a T¢ higher than room
temperature was observed [88]. The work of Yu et al. also verified this result, where
monolayer 1T-VSe; flakes were synthesized by electrochemical exfoliation with organic
cations as the intercalants, which were immediately passivated in situ in the solution
(Figure 3e) [91]. The magnetization saturation (MS) of VSe, exhibits a strong temperature
dependence, of which T¢ reached 470 K. Conspicuous X-ray magnetic circular dichroism
(XMCD) signals (u*—p~ = nonzero) in both their bare and passivated sample confirmed
the room-temperature ferromagnetism of VSe, (Figure 3f). Monolayer VSe; passivated by
mercaptan presented the strongest ferromagnetism, from which it can be deduced that its
intrinsic ferromagnetism probably provides a lower limit to the ferromagnetism, while the
defect concentration increased the upper limit.

3.1.5. MnSn

In early theoretical studies, bulk MnSn in a zinc-blende structure was predicted to be
a half-metallic ferromagnet, and was anticipated to be valuable in spintronics owing to
their lattice compatibility with semiconductors [92,93]. Yuan et al. successfully synthesized
ultrathin MnSn films from monolayer to a few layers by MBE, in which clear magnetic
behavior was observed experimentally [94]. Using a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design) configured with a longitudinal pick-up
coil, the magnetic behavior of the MnSn films showed a clear thickness dependence, which
provides a strategy for precisely tuning its magnetism, a new platform for studying 2D
magnetism, and the possibility of integrating 2D ferromagnetism with silicon technology.
In another work, Li et al. synthesized Fe-doped SnS; bulk crystals via a direct vapor-
phase method and subsequently obtained monolayer Fe-doped SnS; through mechanical
exfoliation. They found that the monolayer Fe-doped SnS; exhibits ferromagnetic behavior
with perpendicular anisotropy at 2 K and a Curie temperature of ~31 K.

3.1.6. FeB; (B = Se, Te)

In a previous study, Liu et al. developed a hydrothermal co-reduction method to fabri-
cate ferroselite (FeSe,) nanorods and frohbergite (FeTe,) nanocrystallites using NoHy-HpO
as a reductant. They observed distinct magnetic hysteresis loops of FeSe, and FeTe, with
a vibrating sample magnetometer (VSM) [95]. Very recently, the sublimed-salt-assisted
CVD method at atmospheric pressure (APCVD) was adopted to synthesize layered FeSep
nanocrystals, which exhibited a phase transition at ~11 K [96]. Recently, Kang et al. suc-
cessfully realized the phase-controllable growth of ultrathin 2D magnetic FeTe crystal.
According to their work, antiferromagnetic tetragonal FeTe had a Néel temperature that
gradually decreased from 70 to 45 K as the thickness declined from 32 to 5 nm, and the
ferromagnetic hexagonal FeTe was accompanied by a drop of Curie temperature from
220 K (30 nm) to 170 K (4 nm) [97]. Meanwhile, via the CVD method, Wang et al. suc-
cessfully synthesized ultrathin FeTe nanosheets with tetragonal and hexagonal phases by
tuning the growth temperature according to the phase diagram. Their magneto-transport
measurements illustrated that the tetragonal crystal displays a linear magnetoresistance
(LMR) as high as 10.5% at 1.9 K and the hexagonal nanosheets showed 5.8% LMR at 1.9 K,
indicating their potential applications as magnetoresistive devices. Moreover, tetragonal
FeTe illustrated a superconducting transition at 9.0 K, which may arise from oxygen doping,
indicating that FeTe is an intriguing material platform for exploring 2D magnetism and su-
perconductivity, and their heterostructures have potential applications in novel functional
devices [98].
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Figure 3. (a) Top view of monolayer Crlz, where the Cr atoms (red balls) form a honeycomb structure
in edge-sharing octahedral coordination by six I atoms (blue balls), and side view of bilayer CrI; of the
rhombohedral stacking order. Reused with permission from [74]. (b) MCD versus magnetic field (left)
at three representative doping levels at 4 K (top panel) and 50 K (bottom panel); MCD versus magnetic
field at 4 K at representative gate voltages (right). Reused with permission from [75]. (c) Hysteresis
loop for bilayer CrBrs. Reused with permission from [76]. (d) Crystal structure diagrams of x-MnSe
(111) and monolayer 1T-MnSe;. Reused with permission from [80]. (e) Schematic illustration of the
electrochemical setup for cathode exfoliation of VSe; using tetra propylammonium cation (TPA) as
the intercalant. Inset: photograph showing a small piece of a VSe; crystal clamped by two titanium
plates (left), and visible expansion of the VSe, cathode with a fluffy shape (right). Reused with
permission from [91]. (f) M—H hysteresis loop of bare and passivated VSe; flakes at 300 K, shown
in (e). Reused with permission from [91]. (g) Structure determination and the stacking rule in
MnBijy,, Tes,+1. Reused with permission from [99].
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3.1.7. MnBigTe13

Hu et al. grew single-crystal MnBigTej3 via the self-flux method and obtained their
crystal structure using the Rietveld method to refine its powder X-ray diffraction (XRD)
pattern at 300 K. They found alternating stacked monolayers of MnTes octahedra, well
separated from many monolayers of BiTes octahedra along the c-axis, in the crystal structure
of MnBigTe3 (Figure 3g) [99]. Interaction between topology and magnetism was the key
to realizing the new topological state. They confirmed that MnBigTe 3 was ferromagnetic
below 10.5 K, with strong coupling between magnetic and charge carriers. First-principles
calculation and an angle-resolved optical emission spectrum further proved that MnBigTe;3
was an intrinsic ferromagnetic axion insulator, which means MnBigTe;3 is an ideal system
for studying the Quantum Anomalous Hall Effect (QAHE) and quantum topological
magnetoelectric effects.

3.2. Extrinsic Ferromagnetic 2D vdW Material

TMDs are an important member of the 2D-materials family, and they have been exten-
sively studied over the past decade. However, due to a lack of intrinsic ferromagnetism in
most TMDs, their application in spintronics has been hindered. Therefore, ways to realize
the intrinsic ferromagnetism of TMDs with high Curie temperature will be one of the chal-
lenges in this field in the future. Based on the original crystal structure of TMDs, several
existing methods, such as defect engineering, chemical doping, grain boundary, and the
magnetic proximity effect, can not only explore the existence of intrinsic ferromagnetism
in stable, few-layer 2D materials, but also promote ferromagnetic stability, which may
generate magnetic moments in the system.

3.2.1. In28e3

In,Ses, as a multi-ferrous substance, is a bizarre kind of material that can retain ferro-
electricity and piezoelectricity concurrently, even down to monolayer [100]. Owing to its
extraordinary sustainability and performance, In,Se; is usually applied in the ferroelectric
field, such as for non-volatile memory [101]. InySes is a 2D layered semiconductor with a
bandgap of 1.3 eV at room temperature [102], while monolayer In,Ses has five triangular
atomic lattices in the Se-In-Se-In-Se lattice sequence connected with a covalent bond, which
composes a quintuple layer (QL) (Figure 4a) [103]. Although there are many phases («, 3,
v, 8, and «k phases) of InySes, as determined by different temperatures and the preparation
conditions [104-106], only the « and (3 phases are semiconductors, with layered structures
combined by vdW interaction and stable at room temperature [107]. Ferroelectric polariza-
tion originates from the asymmetric position of the selenium atom in the middle, which
spontaneously breaks the central symmetry. Currently, In,Se3 often forms heterojunctions
or dopants with other materials to generate more characteristics; for example, hole doping
induces the tunable ferromagnetism of «/[3-In;Se; monolayers. Via theoretical simulation,
Sun et al. showed that arsenic doping at the position of selenium could enhance ferromag-
netism, making a/(3-InpSe; a semimetal, which exhibits strong magnetoelectric coupling
with the vdW heterostructure of bipolar magnetic semiconductors in 2D Fel, /In;Ses [108].

3.2.2. MoS,

MoS, monolayers show an S-Mo-S sandwich structure with a direct bandgap of 1.8 eV,
in which each Mo atom and six S atoms constitute a triangular prism coordination. The d
orbital of the Mo atom has a strong spin-orbit interaction, which leads to coupling between
the spin degree of freedom and valley degree of freedom [109-111]. Although there is
no intrinsic ferromagnetism in MoS,, researchers have explored some feasible methods,
such as morphology preparation [112], external strain [113], and impurity doping [114]
to introduce magnetism into MoS,. DFT calculation of Jeon et al. suggested a hydrogen
atom on a MoS; nanosheet tends to combine with the sulfur atom, which will produce a
1 uB magnetic moment [115]. Additionally, further research suggested that the adsorption
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of some nonmetallic elements such as B, C, N, and F will also transform MoS, from
nonmagnetic to magnetic [116].

Doping is considered an effective technology for modulating the electronic and mag-
netic properties of 2D materials. Recent studies have shown that it is practicable to realize
the room-temperature ferromagnetism of MoS; through transition-metal-doped MoS,
nanostructures [117,118]. Cheng et al. corroborated that MoS, can be ferromagnetic if
doped with Mn, Zn, Cd, and Hg, and antiferromagnetic if doped with Fe and Co when the
impurity concentration of the TM atoms is up to 6.25% [119]. However, later studies [120]
found that MoS, doped with Mn-, Fe- and Co was ferromagnetic. Recently, Fan et al.
indicated that V-, Mn-, Fe-, Co-, or Cu-doped monolayer MoS; can produce good diluted
magnetic semiconductor at low impurity concentrations, while Co and Cu doping can
produce a higher total magnetic moment. In particular, copper doping will generate strong
ferromagnetism relative to the local spin (Figure 4b) [121]. However, because of the pres-
ence of strong diamagnetic substrates, although large magnetic moments can be obtained at
room temperature by chemical methods, it is difficult to characterize the magnetic states of
mono- or multi-layer TMD on possible devices. Han et al. investigated electron irradiation,
adopting higher acceleration energies than the displacement energy of Mo atoms, which
may be an effective and simple method to achieve the conversion from diamagnetic to
ferromagnetic at room temperature by inducing a phase transition in the substrate [122].

3.2.3. PtSe,

There is a central symmetric spatial group, P3m1, in the global structure and polar
point groups, Cs, and Djgq, at the Se and Pt sites in bulk PtSe; [123]. Monolayer PtSe; is
semiconductive, with a bandgap of 1.2 eV. However, with an increase of the layer numbers,
the bandgap of PtSe, gradually decreases and finally converts into a semimetal [124].
Such a wide layer-dependent bandgap range of PtSe; enables it an excellent candidate for
electronic and photoelectric applications, such as field-effect transistor (FET), gas sensors,
photoelectric detection, and energy storage. Yao et al. fabricated PtSe; flakes, grown by
the direct selenization of Pt (111) until the substrate was covered completely [123]. The
PtSe; monolayer consisted of a Pt layer sandwiched between two Se layers, forming a
triangular structure when projected onto the (001) plane. DFT calculations showed that the
first three valence bands (marked by «, {3, and y) were mainly contributed by the p orbits
of Se, and the fourth valence band (marked by 6) was mainly contributed by the d orbits of
Pt (Figure 4c).

PtSe; is an ideal platform for studying defect-induced magnetization [125]. Avsar et al.
obtained PtSe, flakes by mechanical exfoliation from bulk crystal [17]. Electrical measure-
ment of the PtSe; crystal indicates that the ferromagnetic or antiferromagnetic ground state
order in the ultrathin material was sensitive to the number of layers. To investigate such an
effect further, another PtSe, device was fabricated containing an additional layer of thick
debris on the channel’s surface, and it was found that the magnetic transport response of
the sample was very interesting because ferromagnetism and antiferromagnetism order
coexisted (Figure 4d). It can be concluded that the switching fields of these two kinds
of comparative magnetic sequences were different, where the strong layer-dependence
relationship between different mechanisms could stabilize the magnetic order differently,
which led to different switching fields. This result is consistent with that of the coercive
field in the parity layers of Crl3 magnetic-insulating materials measured by the magneto-
optical Kerr effect. Theoretical calculation suggests that Se, especially at the Pt vacancy in
monolayer PtSe;, has a great influence on its magnetic and electronic properties, in which
the magnetic moment of the single and double Pt vacancies can reach 6 uB [17].



Coatings 2022, 12,122

14 of 37

(c)

(d)

2" NN configuration 3™ NN configuration

o

L T=15K
Vgp =10mV -

AR (Q)

LA

-0.1 -0.05 0.0 0.05 0.1
By (T)

Figure 4. (a) Crystal structure of the Fe-InySe3 monolayer. The red, yellow, and blue balls represent
In, Se, and Fe atoms, respectively. Reused with permission from [103]. (b) Spin-resolved charge
density isosurface (isosurface value at 0.002 e/ A%) of a TM-doped MoS, monolayer at 8% impurity
concentration. Reused with permission from [121]. (c) Crystal structure of monolayer PtSe;, (left panel,
top: unit cell, bottom: top view); band dispersions along the K-G-M-K direction from first-principles
calculations. The color and line width distinguish the contributions from Pt and Se (right panel,
red for Se, and green for Pt). Reused with permission from [123]. (d) Optical of a completed PtSe;
device (upper panel). Magnetic-field dependence of AR measured by device E (shown in upper panel)
at T =1.5Kand Vsp = 10 mV. The red (black) arrow represents the sweep direction from positive
(negative) to negative (positive) values. Reused with permission from [17].

3.2.4. PdSe;

Oyedele et al. synthesized and exfoliated monolayer PdSe, from bulk crystals with
a bandgap of 1.3 eV. The unit cell of PdSe; (P21/C space group) contains two palladium
atoms and four selenium atoms with lattice parameters a = 5.75 A (y-axis) and b = 5.93A (x-
axis) [126]. Notably, the semiconductor PdSe, monolayer had remarkable air stability under
ambient conditions. PdSe; is a typical vdW layered material, in which each Pd atom is
connected to four Se atoms in every single layer (Figure 5a) [127]. Zhang et al. theoretically
predicted that hole doping in monolayer PdSe; could induce stoner ferromagnetism, and
Tc could be far higher than room temperature, reaching 800 K. Significantly, the hole
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concentration threshold for ferromagnetism decreases with applied stress (x-axis strain)
(Figure 5b—e) [128]. For the 2D-materials family, strain engineering is a powerful technology
for adjusting their physical quantities and generating new characteristics, such as band gaps,
carrier mobility, and exciton absorption [129-131]. In the field of spintronics, magnetic
anisotropy, which is defined as magnetization in a specific direction, is an important
parameter. In recent years, modulating magnetic properties (such as anisotropy and
T¢) through strain engineering has become a research topic in magnetic-field regulation.
Generally speaking, the 2D atomic structure exhibits unique mechanical advantages, which
can theoretically endure larger strain than bulk material.

3.2.5. VTe,

Ferromagnetism has already been reported in perfect VX; (X =S, Se, and Te) monolay-
ers in theory [132]. Some researchers have revealed that the ferromagnetism of 2D MXj,
nanostructures can be effectively improved by applying strain and hydrogenation [115,128].
However, interactions between antiferromagnetic and ferromagnetic ground states have not
been achieved in 2D nanostructures. According to first-principles calculation, Pan et al. pre-
dicted that a switch of monolayer hydrogenated vanadium telluride (VTe,-H) by applying
tension can be realized [133]. They also proved that with an increase of tension, monolayer
VTe,-H switches from anti-ferromagnetism to ferromagnetism via paramagnetic turning
point accompanying with electronic evolution from semiconductor to metal, further to
half-metal. In addition, under the dual influence of magnetic field evolution and increasing
tension, its electrical properties could change from semiconductor to metal, and then to
half-metal. Its calculated band structure (Figure 5f) indicates that monolayer VTe,-H is
a kind of direct band semiconductor under zero tension with a bandgap of 0.48 eV. As
the applied tension increases, the bandgap width displays a downward tendency. When
the applied tension reaches a critical value of 5%, conduction band minimum (CBM) and
valence band maximum (VBM) cross each other at the Fermi level, resulting in metal
conductivity of monolayer VTep-H. Further research proved that antiferromagnetism with
semiconductor or metal characteristics at low voltage was caused by superexchange or
superexchange enhanced by carriers, while ferromagnetism with semimetal characteris-
tics at high voltage could be generated through double exchange mediated by carriers.
Lasek et al. developed an effective way to synthesize ultrathin VTe; films via MBE [134].
According to their result, monolayer ditellurides with octahedral 1T structure were readily
grown, but for multilayers, transition metal dichalcogenide formation competed with
self-intercalated compounds.

3.2.6. WS,

Monolayer WS, presents a graphene-like honeycomb structure called H-WS;, which
is a triangular prism structure with two S atomic layers in the W atomic layer with the
sequence S-W-S, which is a P-6M2 (Dj},) point group symmetry. Previously, surface-
functionalized WS; nanosheets were synthesized and applied to negative electrodes for
lithium-ion batteries [135]. Ma et al. systematically studied the electromagnetic properties
of MoSe;, MoTe,, and WS; monolayers adsorbed by ideal, vacancy-doped, and nonmetallic
elements (H, B, C, N, O, and F) through first-principles calculation [136]. Their results con-
firmed that natural vacancies are not the reason for the generation of WS, magnetism, but
the absorption of hydrogen on WS,, MoSe;, and MoTe; monolayers, which will bring about
a large spatial expansion of spin density and weak antiferromagnetic coupling between
local magnetic moments. In previous research, due to the quantum confinement effect,
unusual Dirac fermions were observed in graphene [137]. However, simultaneously, some
researchers discovered that there is an energy gap in 1D graphene nanoribbons [138]. The
unusual coexistence of Dirac fermions and energy gaps makes graphene zigzag nanorib-
bons (ZNRs) exhibit a half-integer oscillation state between the semiconductor and metallic
state as a function of width [139].
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Figure 5. (a) The top (upper panel) and side (lower panel) views of PdSe, monolayer, respectively.
Reused with permission from [127]. (b-e) Magnetic moment-spin polarization energy, magnetic
anisotropic energy (MAE), and Curie temperature versus hole doping concentration of PdSe, under
x-axis strains of 0%, 3%, 6%, 8% and 10%. Reused with permission from [128]. (f) Calculated band
structures of VS,-H monolayers under tension ranging from 0 to 18%. Reused with permission
from [133]. (g) ANRs and ZNRs. The gray (yellow) balls stand for W (S) atoms. The unit cells are
depicted by the blue dashed lines. The lattice constants, a4 and az, of the ANRs and ZNRs are
indexed by green arrows, whereas the widths, WA and WZ, of the ANRs and ZNRs are depicted by
red arrows, which are also described by N4 and Nz, respectively. Reused with permission from [140].

Based on this unusual phenomenon of graphene, Zhang et al. successfully synthe-
sized 1D MoS, and WS; nanoribbons (diameters of 1-4 nm) with templates of carbon
nanotubes [140]. They fabricated two kinds of WS, nanoribbons, armchair nanoribbons
(ANRs) and zigzag nanoribbons (ZNRs) (Figure 5g), by cutting the monolayer WS, in
different directions. A systematic study was then conducted to explore the atomic struc-
ture, electrical properties, and magnetism of 1D WS, nanoribbons with armchair and
zigzag properties through first-principles calculation. Their results suggested that the
characteristics of the two types of nanoribbons were quite different. WS; ANRs main-
tains the non-magnetic and semiconductor properties of the bulk nanoribbons, while the
ZNRs shows ferromagnetic and metallic properties. Additionally, the band gaps of the
nanoribbons decreased remarkably because of the existence of zigzag edges. Obviously,
the electrical and magnetic properties of WS; nanoribbons, to a considerable extent, were
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affected by the type of edge. More importantly, the electrical or magnetic properties of
ANRs and ZNRs can be adjusted by applying an external strain. Recently, Zhang et al.
successfully developed a universal, scalable, and controllable synthesis route for V-doped
WS, atomic layers as a dilute magnetic semiconductor by CVD, in which the vanadium
doping induced inherent ferromagnetic ordering at room temperature, with the strongest
ferromagnetic signal for the moderately doped (2 at%.) sample [141].

3.2.7.5nSy

Su et al. proposed a novel strategy for the controlled CVD synthesis of thin crystal
arrays of layered semiconductors SnS,, in which the few-layer SnS; was demonstrated to
be an ultrasensitive photodetector [142]. In another work, Li et al. synthesized Fe-doped
5nS; bulk crystals via a direct vapor-phase method and subsequently obtained monolayer
Fe-doped SnS; through mechanical exfoliation. According to the VSM measurement
carried out via a physical properties measurement system (PPMS), monolayer Fe-doped
5nS, exhibited ferromagnetic behavior, a perpendicular anisotropy at 2 K, and a Curie
temperature of ~31 K [143].

3.2.8. GaSe and GeSe

In an early study, Zhou et al. successfully realized the controllable synthesis of
single-crystalline ultrathin GaSe nanoplates on a flexible mica substrate via vdW epitaxy.
Individual 2D GaSe nanoplates were found to show typical p-type conductance and good
light-response characteristics [144]. Concurrently, Li et al. synthesized ultrathin 2D GaSe via
CVT in a tube furnace system, which showed high photoresponse and field-effect transistor
(FET) characteristics [145]. The magnetic behavior of GaSe has been reported many times in
theoretical studies [146-149]. The 2D unit cell of a GaSe monolayer is composed of two Ga
atoms and two Se atoms. The two neighboring Ga atoms are vertically stacked and are sand-
wiched between two planes of Se atoms. Gao et al. performed first-principles calculations
using DFT in the local density approximation (LDA) for the exchange-correlation function
as implemented in the QUANTUM ESPRESSO package. Their theoretical work revealed
that tunable ferromagnetism and half-metallicity in monolayer GaSe could be induced by
hole doping [146]. Soon afterward, Lu et al. systematically investigated the structural and
electronic properties of Fe-adsorbed monolayer GaSe using first-principles DFT calcula-
tions. Attributed to the transfer of Fe-3d electrons, magnetic moments of —0.004 uB and
—0.178 uB were induced for the nearest neighbor Ga and Se atoms, respectively, which
showed antiferromagnetic coupling with the adsorbed Fe atom [147]. Similarly, Tang et al.
systematically studied the modulation of an electric field on the structural, electronic, and
magnetic properties of a vacancy-doped GaSe monolayer using first-principles DFT calcu-
lations. According to their work, an unpolarized electronic structure in the V-Se doped
GaSe monolayer was seen, whereas a half-metallicity with a 1 uB magnetic moment was
seen for the V-Ga-doped system. The stability of the magnetic moment was enhanced with
an increase of the vertical electric field along the —z direction, but was weakened along
the +z direction, which led to a prompt switch from a magnetic to the nonmagnetic state
under a +0.6 V/A electric field [148]. Recently, in another computational study, Ke et al.
predicted that the magnetic properties of Fe-doped monolayer GaSe could be controlled by
an electrical field [149]. In theory, they proved that the spin polarization, magnetic moment,
and magnetic anisotropic energy (MAE) strongly depended on the applied vertical electric
field arising from a magnetic configuration modulation in the system.

Bulk GeSe single crystal can be synthesized via solid-state reaction in an evacuated
silica tube [150]. Xue et al. successfully synthesized micrometer-sized GeSe nanosheets and
investigated their anisotropic photoresponse properties [151]. Recently, Sarkar et al. syn-
thesized rhombohedral (GeSe)g 9(AgBiSes)o 1 crystal by Bridgman method, which showed
ferroelectric-instability-induced, ultralow thermal conductivity, and high p-type thermo-
electric performance [152]. Early computational research revealed that monolayer GeSe
is a semiconductor with a direct bandgap of 1.16 eV with strong stability. Additionally,
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the electronic band structure of monolayer GeSe and the small effective mass of charge
carriers are sensitive to strain [153]. In 2017, Zhao et al. experimentally obtained monolayer
GeSe on SiO, /Si substrates with a controlled laser thinning method in a high vacuum and
systematically studied the band structure and photoelectric of the GeSe monolayer [154].
However, investigation of the magnetic properties of GeSe is still lacking. Ishihara et al.
reported negative magnetoresistance in GeSe, and they attributed this phenomenon to
carrier scattering by localized magnetic moments [155].

4. Antiferromagnetic 2D vdW Materials
4.1. NiGa284, F€G61254, F€2G61255

AGay5, (A = Ni, Fe) and FepGa;Ss are layered sulfide insulators with triangular lattices,
and the structure of AGaySy can be described by a plate composed of two GaS layers and one
AS,; layer stacked along the c-axis and separated by a vdW gap (Figure 6a) [156,157], in which
the AS; layer is the same as the CoO, layer of the superconductor NaxCoO,eyH,O [158].
Fe,Ga;Ss possesses a bilayer FeGaySy structure, where a FeyS3 layer composed of a pair of
Fe?* triangular planes replaces the central FeS, layer of FeGaySy. Nakatsuji et al. proved that
a high-quality NiGa;S4 sample was a bulk-insulated antiferromagnet located on a regular
triangular lattice, which exhibits spin disorder in two dimensions [159]. According to their
study, NiGayS4 was a low-spin (S < 1) quasi-2D bulk magnet on an equilateral triangu-
lar lattice, of which the spin disorder could be stabilized by geometric frustration at low
temperature. Later, they also reported a single crystal study of NiGa,S4, FeGa,S,, and homol-
ogous double triangular antiferromagnetic Fe,Ga,Ss via isostructural single-layer triangular
atomic force microscopy, in which the NiGa,S, single crystal was synthesized by CVT with
iodine [160]. Strikingly, the magnetic properties of FeGa;Sy bore strong resemblances to those
of NiGa,Sy, despite the fact that Fe?* has an S = 2 spin twice as large as that of S = 1 for
Ni?*, while both of them have Heisenberg spin and form a frozen disordered state below T ~
0w = 10 K, thus showing a T?> dependence that is similar to that of NiGaySy. Such similarities
strongly indicate that the coherent 2D behavior has the same mechanism as frozen spin
disordered states. However, an antiferromagnetic transition was observed in Fe,Ga,Ss, from
which it can be concluded that the geometric frustration of the single-layer triangular lattice
will stabilize the spin disordered state.

4.2. XPS3 (X = Fe, Ni, Mn)

Single crystals of XPS3 can be synthesized by CVT and exfoliated to a few-layer, or
even a monolayer surface [161-163]. According to earlier findings, FePS; is an Ising-type
antiferromagnet [161], while NiPS; belongs to the XXZ type [162]. However, research of
renormalization groups revealed that the behavior of the antiferromagnetic 2D quantum
spin system with easy-plane-like anisotropy is similar to that of the XY system at low
temperature [164,165]. The Néel temperature (Ty) of FePS; and NiPS; is 120 K and 155 K,
respectively [166]. Both of these materials have the same basic crystal structure, a C2/M
monoclinic cell [167] and a honeycomb metal ion arrangement (Figure 6b) [168]. These
metal ions are separated by a wide vdW gap (magnetic potential) and form very close to
an ideal hexagon in the a-b plane, which possesses weak bonds and interacts along the
vertical c-axis. XPS3-type material can be cleanly and easily peeled into a controllable thin
layer by the “transparent tape” method, and will have high air and water stability.

Neutron scattering is an important tool for characterizing antiferromagnetic materials;
however, it is not applicable for 2D vdW materials owing to their very small sizes [169,170].
Kim et al. used Raman spectroscopy to characterize antiferromagnetic order, and observed
some changes in the magnetic phase transition characteristics of FePS; in their Raman
spectra [171]. According to the Raman spectra of FePS; in parallel [z(xx)z] and cross [z(xy)z]
polarization configurations as a function of temperature (Figure 6c), P2 split into two peaks
at low temperature, which is the clearest indication of magnetic ordering. Different splitting
peaks were also observed concurrently under different polarization structures concurrently.
The magnetic susceptibility of FePS3 exhibited obvious antiferromagnetic phase transitions,
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Raman intensity

in which the change of magnetic susceptibility along the c-axis was the largest, indicating
that FePS; has an Ising-type magnetic sequence (Figure 6d). The Néel temperature was
almost independent of the number of layers, which means that the interaction between
layers has little effect on the magnetic ordering in FePS; (Figure 6e).
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Figure 6. (a) Structure of the unit slab for single layered AGa,Ss (A = Ni, Fe) (Left) and bilayer
Fe,GaySs (Right). Superexchange paths are shown by lines within the diagrams (color online).
Reused with permission from [160]. (b) Crystal structure of ambient-pressure FePS;. Reused with
permission from [168]. (c) Temperature dependence of Raman spectrum for bulk FePS3. Reused with
permission from [161]. (d) Temperature dependence of magnetic susceptibility for bulk FePS3 along
with the a- and b- (black spheres) and c- (gray spheres) axes. Reused with permission from [161].
(e) Temperature dependence of the intensities of several Raman peaks for bulk FePS3. Reused with
permission from [161].
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4.3. M?’lBizn T€3n+1

MnBi;Tey, MnBisTe;, and MnBigTe;g belong to the same class of materials, and its
chemical formula can be summarized as MnBiy, Tes, 1, where n refers to the stoichiometric
number of the Bi element. Yan et al. grew MnBiyTey crystal via a flux method, in which the
crystal is typically a few millimeters long and often grown in thick, block-like forms with
thicknesses up to 2 mm, but which can be easily exfoliated to thin sheets [172]. MnBiyTey
has a rhombohedral crystal structure with A-B-C accumulation along the crystallographic
c-axis of the septuple layers, which can be viewed as inserting one MnTe layer into a
quintuple layer. Similarly, the structure of MnBisTe; (n = 2) and MnBigTeqg (n = 3) also
can be regarded as arising from the stacking of quintuple and septuple layers (Figure 7a).
Li et al. successfully obtained high-quality MnBi, Te4 single crystals with a clear and com-
plete antiferromagnetic transition at 25 K from a 1:1 mixture of Bi;Tez and MnTe, which
were synthesized by a direct reaction. They characterized the magnetic properties of the
single crystals of MnBi;Tes by zero-field cooling (ZFC) in SQUID [173]. The temperature-
dependent magnetic susceptibility of the MnBi,Tey single crystals in out-of-plane (H/ /c)
and in-plane (H/ /ab) magnetic fields were clearly observed. As the temperature decreased,
the magnetic susceptibility of MnBiyTey in H/ /¢ sharply increased until it reaches a maxi-
mum value at 25 K, and then began to decline slowly. This antiferromagnetic transition
corresponded to the antiferromagnetic sequence produced by the exchange coupling of
Mn?* in the adjacent septuple layers, showing a Néel temperature (Ty) of 25 K. In particular,
when the temperature was lower than Ty, the susceptibility of H/ /c was significantly lower
than Xmaximum, While the susceptibility of H/ /ab was only slightly lower than Xmaximum-
Such an obvious difference between in-plane and out-of-plane susceptibility indicates an
anisotropy of antiferromagnetic order, which was further revealed by the magnetization
field dependencies of H/ /c and H/ /ab (Figure 7b—e).

Yan et al. systematically studied the evolution of structural, magnetic, and transport
properties in the whole compositional range of MnBi,_,SbyTey [174]. Their work suggests
that the interlayer exchange coupling, single-ion anisotropy, and magnon gap also de-
creased with the substitution of Bi by Sb. Different stacking of quintuple and septuple
layers enriches the expected topological phenomena in MnBiy, Tezn.1 compounds [175]. In
theory, MnBi; Te; and MnBigTe g are considered possible material platforms for chiral Ma-
jorana fermions. Yan et al. grew MnBisTe; and MnBigTe; out of a Bi-Te flux. The magnetic,
transport, and thermodynamic properties measurements of MnBisTe; and MnBigTe single
crystals indicated that both MnBiyTe; and MnBigTe;y formed an A-type antiferromagnetic
structure with ferromagnetic layers coupled antiferromagnetically [176]. According to the
relationship between magnetic susceptibility and temperature measured in an external
magnetic field of 250 Oe perpendicular to (labeled H//ab) and parallel to (H//c) the sam-
ple, they drew the conclusion that MnBisTe; and MnBigTe; possessed similar anisotropic
temperature-dependent magnetic susceptibility, in which the Néel temperatures (Ty) of
MnBi4Te; and MnBigTeg were 13 K and 11 K, respectively (Figure 7f) [176].

We have systematically summarized the properties of 2D vdW magnetic materials
mentioned above with respect to their thicknesses in Table 1.
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Figure 7. (a) Structure units of MnBij, Tezn.1. Reused with permission from [176]. (b,c) Magnetic
properties of single-crystal MnBi,Te;. Temperature dependence of magnetic susceptibility for the
MnBi; Tey4 single crystal and inverse magnetic susceptibility as a function of temperature. The mag-
netic field is out-of-plane (a) and in-plane (b), respectively. Reused with permission from [173].
(d,e) Field dependence of magnetization for the MnBi;Tey crystal measured at different tempera-
tures. The magnetic field is out-of-plane (d) and in-plane (e), respectively. Reused with permission
from [173]. (f) Temperature dependence of magnetic susceptibility under an applied magnetic field of
250 Oe perpendicular (H/ /ab) and parallel (H//c) to the crystallographic c-axis for MnBigTey (upper
panel) and MnBigTe;y (lower panel). Reused with permission from [176].
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Table 1. Transition temperature, synthesis technique, intrinsic or extrinsic magnetic orderings,
electrical properties of 2D vdW magnetic materials.
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5. Synthesis Techniques, Properties, Property Manipulation, and Devices Based on

Ferromagnetism or Antiferromagnetism

5.1. Synthesis Techniques

Large area growth is one of the main challenges of 2D materials, and impedes their
practical application. To date, mechanical exfoliation is still one of the most widely adopted
methods for obtaining 2D materials. Through mechanical exfoliation, researchers obtained
2D graphene for the first time [177]. Generally, mechanical exfoliation can obtain high-
quality 2D materials (Figure 8a) [178]. However, it is inefficient and cannot be integrated
with current industrial practices. More importantly, mechanical exfoliation is not suitable
for all kinds of 2D materials. Recently, Huang et al. proposed a new strategy, in which
mechanical exfoliation was assisted by an Au adhesion layer with covalent-like quasi-
bonding to produce a layered crystal; this method provides access to a broad spectrum
of large-area monolayer materials. Significantly, such an approach is applicable to a
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large number of 2D materials (Figure 8b) [179]. Similarly, Moon et al. developed a layer-
engineered exfoliation (LEE) approach to obtain extraordinarily large-sized and high-
density graphene from natural graphite. In this method, a selective metal film was directly
evaporated on bulk graphite precleaved on blue tape and then large-area graphene with a
selected number of layers can be exfoliated easily. This LEE approach paves the way for
the development of a manufacturing-scale process for future applications based on a 2D
heterostructure (Figure 8c) [180].

Liquid exfoliation is another general method for synthesizing high-quality 2D materi-
als. Coleman et al. demonstrated that several-layer materials, such as MoS,, MoSe;, WS,,
and BN, can be efficiently dispersed in common solvents and deposited as individual flakes,
or can be formed into films (Figure 8d) [181]. In this method, the choice of solvent is the key
factor. Zeng et al. created an electrochemical way to fabricate few-layer-thick 2D materials
such as BN, NbSe,, and WSe;. In their method, lithium intercalation of the layered material
was performed in a test cell with Li foil as an anode and 1 M LiPFg dissolved in a mixture
of ethyl carbonate (EC) and dimethyl carbonate (DMC) (1:1 in volume ratio) as an elec-
trolyte. The layered bulk material was prepared as a cathode by adding an acetylene black
and poly (vinylidene fluoride) (PVDF) binder dispersed in N-methylpyrrolidone (NMP)
solutions. After the discharge process, the lithium-intercalated sample was washed with
acetone to remove the residual electrolyte (LiPFg), followed by exfoliation and sonication
in Np-saturated Milli-Q water in a closed vial (Figure 8e) [182].

CVD is also one of the most widely adopted methods for synthesizing 2D mate-
rials, and is considered one of the most suitable methods for large-area growth. In
2006, Somani et al. experimentally demonstrated for the first time that planar, few-layer
nanographenes (PFLGs) could be synthesized by a simple thermal CVD method [183]. In
recent years, the growth of 2D materials based on the CVD method has been developed
extensively. Via the CVD method, many kinds of high-quality 2D crystals, continuous
films, and even heterostructures have been grown with large-scale production capability
and good controllability, which are of great significance for bringing practical applications
to fruition (Figure 8f) [184]. MBE is another efficient way to synthesize ultrathin films,
and exhibits great superiority with respect to controlling the thickness of the materials. In
previous reports, some 2D materials, such as CrBrj (Figure 8g) [77], CrTe; [60], MnSe; [80],
and MnSn [94], were successfully synthesized via MBE. However, the costly facilities and
complex processes hinder its development in the growth of 2D materials.

5.2. Quantum Anomalous Hall Effect (QAHE)

The quantum anomalous Hall effect (QAHE) has been experimentally observed in
previous studies, and is a unique transport phenomenon of the magnetic topological
insulator that has become an important research field in condensed matter physics [185]. In
a quantum anomalous Hall insulator, the spontaneous magnetic moment combined with
spin—orbit coupling produces a topologically nontrivial band structure, which shows QAHE
in the absence of a magnetic field [186]. In 2013, Chang et al. reported the observation of the
QAHE in thin films of chromium-doped (Bi, Sb),Tes, a magnetic topological insulator [22].
Zhang et al. systematically investigated the QAHE of graphene deposited on the (001)
surface of an antiferromagnetic insulator RbMnCls from first-principles calculation [23].
Recently, research on QAHE materials has mainly focused on intrinsic magnetic topological
insulators (MTIs), including MnBi, Te; and related heterostructures constructed of MnBi, Tey
and BipTe; [187]. 2D MnBi;Tes has an in-plane ferromagnetic order and out-of-plane
antiferromagnetic order, the magnetic properties and topological phases of which change
as a function of the number of layers [188]. Additionally, Li et al. found that MnBi, Tes with
even layers is an axion insulator due to the loss of net magnetization, while MnBi,;Tes with
odd layers is a candidate for an ideal Chern insulator to realize QAHE [189].



Coatings 2022, 12,122

25 of 37

(C)

Deposmon of
stressor film

Repeated —(

Layer~englneered exfoliation

Cell assembly

bulk material

Lithium ion Discharge

battery
l Take sample out

Immerse lithium-
- . intercalated
1) Sonication | material in HO g
|
< <
| mo |

2) Removal

of Cu foil -

cvnMos2

Nanosheet

dispersion Dismantled cell

2D materials: from fundamental research to device appllcations D

Exfoliation of Transfer to
top graphene target substrate

!

Bulk crystal

Yerar < Yaucr < Ypa.Gr < YNiGr < Yco-Gr

Figure 8. (a) Illustrative procedure of the micromechanical cleavage of graphene based on transparent
tape. Reused with permission from [178]. (b) Schematic of the exfoliation process assisted by an
Au adhesive. Reused with permission from [179]. (c¢) Schematic illustration of the LEE large-
area graphene exfoliation technique. Reused with permission from [180]. (d) Photographs of the
dispersions of MoS; (in N-methyl-pyrrolidone (NMP)), WS, (in N-methyl-pyrrolidone (NMP)), and
BN (in isopropanol (IPA)). Reused with permission from [181]. (e) The electrochemical lithium
intercalation process is used to produce 2D nanosheets from the layered bulk material. Reused
with permission from [182]. (f) Overview of the CVD growth of 2D materials, from single crystals
to continuous films, and further to 2D-material-based heterostructures, as well as their device
applications. Reused with permission from [184]. (g) Illustration of MBE growth process of CrTe;
films on graphene. Reused with permission from [60].

5.3. Magnon

Magneton or magneto-based spintronics, which primarily include the dynamic be-
havior of spin waves in nanomaterials, is also a transport phenomenon in 2D mag-
netism [163,190]. To explore magnon-mediated transport in 2D antiferromagnetic MnPS3, a
device was fabricated, as demonstrated in Figure 9a, where the left Pt electrode acted as a
magnon injector and the right Pt electrode acted as a magnon detector [163]. The magnon
transport and relaxation characteristics of MnPSs were then systematically measured at 2, 5,
and 10 K, from which long-distance magnon transport in MnPS3 was observed (Figure 9b).
It can be concluded that the larger the diffusion effect of the magnons on the crystal’s sur-
face, the greater the diffusion effect of impurities on the crystal’s surface. With a decrease in
temperature, the diffusion length of the magnons became longer, indicating that the lifetime
of a magnon at low temperature was longer. Ghazaryan et al. studied the tunneling effect
in graphene/CrBrs/graphene vdW heterostructures and found that inelastic tunneling
through thin ferromagnetic CrBr; barrier was mainly related to magnon emission at low
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temperature; that is, the final state in which the spin state (up or down) of the tunneling
electron will flip between the initial state and the final state during the magnon tunnelling
process [190]. Tunneling effects with magneton emission and proximity effect provide a
new prospect for the development of 2D ferromagnetic barriers in graphene spintronics.

Polarized laser
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planerizer
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Cr,Ge,Te,

Figure 9. (a) Scheme of nonlocal measurements made of an MnPS; device. Reused with permission
from [163]. (b) Scheme of long-distance magnon transport of MnPS3 (right panel), and magnon
relaxation distance as a function of crystal thickness in quasi-2D MnPS; at 2, 5, and 10 K (left panel).
Reused with permission from [163]. Schematics of (c) an Au-contacted, few-layered CryGe,Teg device
and (d) a few-layered Cr,Ge;Te; flake encapsulated by two h-BN layers, contacted via graphene
electrodes. (e) Experimental setup for Kerr measurement of the micrometer-sized device using an
ionic liquid. Reused with permission from [61].

5.4. Magnetic Skyrmions

Magnetic skyrmions, sometimes also called vortices [191] or vortex-like [192], were
first predicted in theory [191,193,194], and have been characterized experimentally by
means of neutron scattering in momentum space and microscopy techniques in real space
in recent years [195-197]. Magnetic skyrmions are nanometer-sized quasiparticles [198]
defined as a local whirl of the spin configuration in a magnetic material. Compared with a
single magnetic domain, magnetic skyrmions possessed high energetic stability (per unit
volume) and allow the existence of discrete magnetic states. Therefore, magnetic skyrmions
acting as bits to store information show promise to be used in future high-performance
memory [199-201] and logic [202,203]. Additionally, dynamical magnetic skyrmions ex-
hibit an impressive robust breathing feature, which means skyrmion-based microwave
application is an achievable reality [204]. However, there are some intriguing and important
questions that must be investigated clearly, such as its creation and annihilation processes,
how to control the size of magnetic skyrmions, more accurate understanding of the role of
defects in magnetic skyrmions, etc.

5.5. Property Manipulation

Currently, chemical doping, defect engineering, and the magnetic proximity effect have
been adopted to obtain higher T values, and certain progress has been made. Yang et al. ex-
perimentally demonstrated a novel, two-step tellurium flux strategy to introduce magnetic
Cr atoms into layered semimetal T4-WTe, to realize highly tunable, near-room temperature
ferromagnetism, in which the semimetal properties of the Cr-doped layered Tq-WTep were
intriguingly preserved [205]. Li et al. successfully synthesized Mn-doped CdSe(en) 5 via a
solvothermal process at 140 °C, in which they observed giant Zeeman splitting and zero-
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field splitting effect at room temperature [206]. Their work suggested that 2D monolayer
nanosheets like Mn-doped CdSe(en)y 5 had advantages for future diluted magnetic semi-
conductor (DMS) applications. Recently, Ge et al. reported magnetic moments induced by
atomic vacancies in transition metal dichalcogenide PtSe; flakes, and they experimentally
demonstrated the presence of nearly thickness-dependent, localized magnetic moments
induced by Pt-vacancy defects in air-stable PtSe, flakes [207]. Their work indicated that
defect control was a practical approach to induce magnetism in non-magnetic materials,
offering a new way to modulate magnetism in TMDCs.

However, such research is still far away from practical applications. The emergent
ferromagnetism near three-quarters filling of the conduction miniband in twisted bilayer
graphene [208,209], as well as a tunable correlated Chern insulator and ferromagnetism in
ABC-trilayer graphene/hexagonal boron nitride (ABC-TLG/hBN) Moiré superlattice [210],
have experimentally verified that layer engineering may be an effective method to achieve
the ambient-temperature application of 2D ferromagnetism in the future. The experimental
research of Zhang et al. indicated that proximity coupling will induce a significant enhance-
ment of the coercive field and Curie temperature in 2D vdW heterostructure [211]. This
work revealed that the proximity coupling of FePSz with FezGeTe; is an effective method
for enhancing the ferromagnetism of 2D GeFeTe, which paved the way for applications in
advanced magnetic spin electronic devices and memory devices. In addition, Wang et al.
observed a significant enhancement of the coercive field in vdW magnet Fe;GeTe, (FGT)
under strain [212]. Moreover, Li et al. also experimentally achieved strong ferromagnetism
via breathing lattices in atomically thin cobaltites, which indicated that strain engineering
and interface engineering were potentially feasible ways to improve the properties of 2D
ferromagnetic materials [213]. Additionally, Zhang et al. experimentally realized a large
current control of the coercive field and magnetic memory based on nanometer-thin ferro-
magnetic vdW Fe;GeTe, (FGT), potentially opening up a fascinating avenue of electrical
modulation and spintronic applications using 2D magnetic vdW materials [214]. Notably,
materials with strong magnetoresistance responses are the basis of spintronic technology,
magnetic sensors, and hard disk drives. In earlier studies, manganese oxides with mixed-
valence and cubic perovskite structures stood out due to their CMR, which was attributed
to the existence of double exchange interaction in manganates with the enhanced charge
transport when the spins on neighboring Mn3* and Mn** ions were parallel [215-218].
Recently, Wang et al. experimentally discovered CMR without mixed valence in a layered
phosphide EuCd;P, crystal, in which the absence of direct Cd-Cd bonds in the structure
of EuCd,P; seemed to be beneficial to CMR [219]. In terms of stability, based on Ising
transition theory, the stability of long-range, robust magnetic order could be enhanced by
introducing anisotropy.

5.6. 2D vdW Heterostructures and FET

Owing to their dangling bond-free property, 2D materials are considered an ideal
platform for constructing heterostructures, offering great opportunities to realize many
interesting phenomena [220]. One great advantage of 2D magnetic heterostructures is
that the proximity-induced exchange interaction can fundamentally change the electronic
structure of the 2D system. There is no need to consider lattice mismatch for vdW het-
erostructures; thus, they can almost keep their original layered structure. By changing the
interlaminar twist angle or stacking order, there are unlimited possibilities for fabricating
multifarious vdW heterostructures consisting of diverse 2D ferromagnets, which offer new
ways to study and design magnetic properties. A MoS,-WS; bilayer is a typical example of
bandgap engineering in atomic, thin 2D semiconductor heterostructures [221]. The work
of Hou et al. proved that the topological surface state of BipSe3 could be maintained and
magnetized by forming Crl3/BiySe3 /Crls heterostructures [222]. Jiang et al. successfully
prepared double-gate graphene/BN/Crl; field-effect devices, the magnetic properties of
which were effectively controlled by adjusting the gate voltage [74]. Generally, there are
three typical device structures of 2D-material-based FETs, in which SiO,, ionic liquids, and
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h-BN are used as dielectric layers. Figure 9c—e illustrate three FET configurations based on
a few-layer ferromagnetic semiconductor, Cr,Ge,Teg [61].

5.7. Spintronic Applications

Spintronics-based devices exhibit higher efficiency of data storage, transmission, and
calculation. Significantly, the discovery of 2D vdW magnets is beneficial for fabricating
various spintronics devices, including spin valves, spin—orbit torque (SOT), spin field-
effect transistors, and spin filters. Based on the conducting ferromagnet FesGeTe, [223], a
simple FesGeTe, /h-BN/Fe3;GeTe; heterostructure spin valve device was experimentally
fabricated, in which if the magnetization directions of the two electrodes were opposite
(parallel), the tunneling resistance showed typical spin valve behavior. SOT is a new
method for controlling the magnetization of ferromagnetic materials by injecting an in-
plane current through large spin-orbit coupling [224]. A serious ferromagnetic motion will
occur in a system composed of gravity and magnetic layers. In the traditional SOT bilayer
system, the magnetized switch depends on the intrinsic spin Hall effect and the interface
mass [225]. Shao et al. fabricated a SOT device constructed of a transition metal dihydroxy
compound monolayer (MXp: M =Mo, S; X =5, Se) and an interfacial ferromagnetic CoFeB,
which graphically illustrated spin accumulation at the MX; /CoFeB interface due to the
Rashba-Edelstein effect under an applied electric field [226].

Transistor devices based on spin rather than charge can realize high performance in
nonvolatile memory applications, in which ferromagnetic materials act as a drain/source
electrode for spin polarizer and an electronic analyzer along the current direction. Longo et al.
successfully synthesized Fe/Au/SbyTes heterostructures via metal organic chemical vapor
deposition (MOCVD). Through broadband ferromagnetic resonance spectroscopy (BFMR)
and spin pumping FMR (SP-FMR), they experimentally observed the spin behavior of large-
area topological insulators exhibiting spin to charge (5,C) with the inverse Edelstein effect
(IEE). They found a conversion efficiency of Ajgg ~ 0.27 nm for Fe/Au/Sb,Tes, originating
from the topologically protected surface states (TSS) of SbyTe3 [227]. Recently, a spin field-
effect transistor (SFET) composed of a 2D 2H-VSe; magnet was proposed, which could exert
a vertical electric field to convert an A-type antiferromagnet into a semimetal [228].

6. Summary and Outlook

In summary, we have reviewed the latest research progress on 2D magnets, including
material systems with intrinsic and induced ferromagnetism or antiferromagnetism, as well
as their physical properties, device fabrication, and potential applications (Figure 10). The
2D ferromagnets are considered ideal candidates for next-generation spintronic devices,
offering a promising platform for novel quantum phenomenon such as QAHE. However,
weak ferromagnetic coupling and low Curie temperature (T¢) are the key obstacles that
need to be overcome in the field of 2D ferromagnets. Some methods, such as chemical
doping, defect engineering, and magnetic proximity effect, to some extent, have been
demonstrated to be effective ways to improve magnetic properties; however, there are still
many challenges not only in theory but also in technology for developing room-temperature
2D ferromagnets with strong ferromagnetic coupling. Layer engineering, strain engineering,
and interface engineering are considered to be promising ways to improve the properties
of 2D ferromagnetic materials in the future.
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Figure 10. TOC: Based on the magnetic properties of 2D vdW materials, this review summarizes
most known materials with intrinsic/extrinsic antiferromagnetism or ferromagnetism, including
their structures, characteristics, properties, fabrication methods, and applications.

Author Contributions: W.H. and L.K. have contributed equally to this work. W.H. and L.K. wrote
this review under the supervision of P.Y. and W.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the National Key Research and Development Program of China
(No. 2021YFE0194200 and No. 2021YFA1200903), the National Natural Science Foundation of
China (No. 22175203 and No. 22006023), Natural Science Foundation of Guangdong Province (No.
2019A1515010428 and No. 2020A1515110821), and Guangzhou Science and technology project (No.
202102020126). This work was also funded by the Plan Fostering Project of State Key Laboratory of
Optoelectronic Materials and Technologies, of Sun Yat-sen University (No. OEMT-2021-PZ-02).

Acknowledgments: This work was supported by the National Key Research and Development
Program of China (No. 2021YFE0194200 and No. 2021YFA1200903), the National Natural Science
Foundation of China (No. 22175203 and No. 22006023), Natural Science Foundation of Guangdong
Province (No. 2019A1515010428 and No. 2020A1515110821), and Guangzhou Science and technology
project (No. 202102020126). This work was also supported by the Plan Fostering Project of State Key
Laboratory of Optoelectronic Materials and Technologies, of Sun Yat-sen University (No. OEMT-2021-
PZ-02).

Conflicts of Interest: The authors declare no conflict of interest.



Coatings 2022, 12,122 30 of 37

References

1. Cullity, B.D.; Graham, C.D. Introduction to Magnetic Materials; John Wiley & Sons: Hoboken, NJ, USA, 2011; pp. 10-15.

2. Kittel, C. Introduction to Solid State Physics; Wiley: New York, NY, USA, 1990; pp. 90-93.

3. Jonker, G.; Van Santen, J. Ferromagnetic compounds of manganese with perovskite structure. Physica 1950, 16, 337-349. [CrossRef]

4 Duong, D.L.; Yun, S.J.; Lee, Y.H. van der Waals layered materials: Opportunities and challenges. ACS Nano 2017, 11, 11803-11830.
[CrossRef] [PubMed]

5. Matko, V,; Milanovi¢, M. High resolution switching mode inductance-to-frequency converter with temperature compensation.
Sensors 2014, 14, 19242-19259. [CrossRef]

6. Yang, S.; Tan, M.; Yu, T.; Li, X.; Wang, X.; Zhang, ]. Hybrid reduced graphene oxide with special magnetoresistance for wireless
magnetic field sensor. Nanomicro Lett. 2020, 12, 69. [CrossRef]

7. Matko, V; Safari¢, R. Major improvements of quartz crystal pulling sensitivity and linearity using series reactance. Sensors 2009,
9, 8263-8270. [CrossRef] [PubMed]

8. Onsager, L. Crystal Statistics. I. A Two-Dimensional Model with an Order-Disorder Transition. Phys. Rev. 1944, 65, 117-149.
[CrossRef]

9.  Berezinskii, V.L. Violation of long range order in one-dimensional and two-dimensional systems with a continuous symmetry
group. I. Classical systems. Zh. Eksp. Teor. Fiz. 1970, 59, 907-920.

10. Kosterlitz, ].M.; Thouless, D.J. Ordering, metastability and phase transitions in two-dimensional systems. J. Phys. C: Solid State
Phys. 1973, 6, 1181-1203. [CrossRef]

11.  Mermin, N.D.; Wagner, H. Absence of Ferromagnetism or Antiferromagnetism in One- or Two-Dimensional Isotropic Heisenberg
Models. Phys. Rev. Lett. 1966, 17, 1133-1136. [CrossRef]

12.  Nelson, D.; Piran, T.; Weinberg, S. Statistical Mechanics of Membranes and Surfaces; World Scientific: Singapore, 2004; pp. 19-45.

13. Nelson, D.; Peliti, L. Fluctuations in membranes with crystalline and hexatic order. |. De Phys. 1987, 48, 1085-1092. [CrossRef]

14. Le Doussal, P.; Radzihovsky, L. Self-consistent theory of polymerized membranes. Phys. Rev. Lett. 1992, 69, 1209. [CrossRef]
[PubMed]

15. Huang, B,; Clark, G.; Navarro-Moratalla, E.; Klein, D.R.; Cheng, R.; Seyler, K.L.; Zhong, D.; Schmidgall, E.; McGuire, M.A ;
Cobden, D.H.; et al. Layer-dependent ferromagnetism in a van der Waals crystal down to the monolayer limit. Nature 2017, 546,
270-273. [CrossRef] [PubMed]

16. Gong, C,;Li, L.;Li, Z,;Ji, H,; Stern, A.; Xia, Y.; Cao, T.; Bao, W.; Wang, C.; Wang, Y.; et al. Discovery of intrinsic ferromagnetism in
two-dimensional van der Waals crystals. Nature 2017, 546, 265-269. [CrossRef] [PubMed]

17.  Avsar, A.; Ciarrocchi, A.; Pizzochero, M.; Unuchek, D.; Yazyev, O.V,; Kis, A. Defect induced, layer-modulated magnetism in
ultrathin metallic PtSe,. Nat. Nanotechnol. 2019, 14, 674-678. [CrossRef]

18.  Vobornik, I.; Manju, U.; Fujii, ].; Borgatti, E; Torelli, P.; Krizmancic, D.; Hor, Y.S; Cava, R.J.; Panaccione, G. Magnetic proximity
effect as a pathway to spintronic applications of topological insulators. Nano Lett. 2011, 11, 4079-4082. [CrossRef]

19. Buzdin, A.I. Proximity effects in superconductor-ferromagnet heterostructures. Rev. Mod. Phys. 2005, 77, 935-976. [CrossRef]

20. Stahn, J.; Chakhalian, J.; Niedermayer, C.; Hoppler, J.; Gutberlet, T.; Voigt, J.; Treubel, F.; Habermeier, H.U.; Cristiani, G.; Keimer,
B.; et al. Magnetic proximity effect in perovskite superconductor/ferromagnet multilayers. Phys. Rev. B Condens. Matter 2005, 71,
140509. [CrossRef]

21. Leutenantsmeyer, J.C.; Kaverzin, A.A.; Wojtaszek, M.; Van Wees, B.]. Proximity induced room temperature ferromagnetism in
graphene probed with spin currents. 2D Mater. 2016, 4, 014001. [CrossRef]

22. Chang, C.Z,; Zhang, |J.; Feng, X,; Shen, J.; Zhang, Z.; Guo, M.; Li, K; Ou, Y.; Wei, P.; Wang, L.L.; et al. Experimental observation of
the quantum anomalous Hall effect in a magnetic topological insulator. Science 2013, 340, 167-170. [CrossRef]

23. Zhang, ].; Zhao, B.; Yao, Y.; Yang, Z. Robust quantum anomalous Hall effect in graphene-based van der Waals heterostructures.
Phys. Rev. B Condens. Matter 2015, 92, 165418. [CrossRef]

24. Cao, T.; Wang, G.; Han, W.; Ye, H.; Zhu, C,; Shi, J.; Niu, Q.; Tan, P.; Wang, E.; Liu, B.; et al. Valley-selective circular dichroism of
monolayer molybdenum disulphide. Nat. Commun. 2012, 3, 887. [CrossRef]

25. Longo, E.; Hussain, R.; Siligardi, G. Application of circular dichroism and magnetic circular dichroism for assessing biophar-
maceuticals formulations photo-stability and small ligands binding properties. Int. J. Pharm. 2015, 480, 84-91. [CrossRef]
[PubMed]

26. Feynman, R.P; Leighton, R.B.; Sands, M. The Feynman Lectures on Physics, Vol. I: The New Millennium Edition: Mainly Mechanics,
Radiation, and Heat; Basic books: USA, 2011; pp. 37.5-37.6.

27. Stohr, J.; Siegmann, H.C. Magnetism. Solid State Sci. 2006, 5, 133-143.

28. Morrish, A.H. The Physical Principles of Magnetism; Wiley-IEEE Press: Hoboken, NJ, USA, 2001; pp. 292-300.

29. Wertheim, G.K; Jaccarino, V.; Wernick, ].H.; Buchanan, D.N.E. Range of the Exchange Interaction in Iron Alloys. Phys. Rev. Lett.
1964, 12, 24-27. [CrossRef]

30. Cogblin, B.; Schrieffer, J.R. Exchange Interaction in Alloys with Cerium Impurities. Phys. Rev. 1969, 185, 847-853. [CrossRef]

31. Ruderman, M.A; Kittel, C. Indirect Exchange Coupling of Nuclear Magnetic Moments by Conduction Electrons. Phys. Rev. 1954,
96, 99-102. [CrossRef]

32. Yafet, Y. Ruderman-Kittel-Kasuya-Yosida range function of a one-dimensional free-electron gas. Phys. Rev. B Condens. Matter

1987, 36, 3948-3949. [CrossRef]


http://doi.org/10.1016/0031-8914(50)90033-4
http://doi.org/10.1021/acsnano.7b07436
http://www.ncbi.nlm.nih.gov/pubmed/29219304
http://doi.org/10.3390/s141019242
http://doi.org/10.1007/s40820-020-0403-9
http://doi.org/10.3390/s91008263
http://www.ncbi.nlm.nih.gov/pubmed/22408504
http://doi.org/10.1103/PhysRev.65.117
http://doi.org/10.1088/0022-3719/6/7/010
http://doi.org/10.1103/PhysRevLett.17.1133
http://doi.org/10.1051/jphys:019870048070108500
http://doi.org/10.1103/PhysRevLett.69.1209
http://www.ncbi.nlm.nih.gov/pubmed/10047155
http://doi.org/10.1038/nature22391
http://www.ncbi.nlm.nih.gov/pubmed/28593970
http://doi.org/10.1038/nature22060
http://www.ncbi.nlm.nih.gov/pubmed/28445468
http://doi.org/10.1038/s41565-019-0467-1
http://doi.org/10.1021/nl201275q
http://doi.org/10.1103/RevModPhys.77.935
http://doi.org/10.1103/PhysRevB.71.140509
http://doi.org/10.1088/2053-1583/4/1/014001
http://doi.org/10.1126/science.1234414
http://doi.org/10.1103/PhysRevB.92.165418
http://doi.org/10.1038/ncomms1882
http://doi.org/10.1016/j.ijpharm.2015.01.026
http://www.ncbi.nlm.nih.gov/pubmed/25596417
http://doi.org/10.1103/PhysRevLett.12.24
http://doi.org/10.1103/PhysRev.185.847
http://doi.org/10.1103/PhysRev.96.99
http://doi.org/10.1103/PhysRevB.36.3948

Coatings 2022, 12,122 31 of 37

33.

34.

35.
36.

37.
38.

39.
40.
41.
42.

43.
44.

45.
46.
47.
48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Parkin, S.S.; Mauri, D. Spin engineering: Direct determination of the Ruderman-Kittel-Kasuya-Yosida far-field range function in
ruthenium. Phys. Rev. B Condens. Matter 1991, 44, 7131-7134. [CrossRef]

Assadi, M.H.N.; Hanaor, D.A. Theoretical study on copper’s energetics and magnetism in TiO, polymorphs. J. Appl. Phys. 2013,
113, 233913. [CrossRef]

Black-Schaffer, A.M. RKKY coupling in graphene. Phys. Rev. B Condens. Matter 2010, 81, 205416. [CrossRef]

Zener, C. Interaction between thed-Shells in the Transition Metals. II. Ferromagnetic Compounds of Manganese with Perovskite
Structure. Phys. Rev. 1951, 82, 403—405. [CrossRef]

de Gennes, P.G. Effects of Double Exchange in Magnetic Crystals. Phys. Rev. 1960, 118, 141-154. [CrossRef]

Korotin, M.; Anisimov, V.; Khomskii, D.; Sawatzky, G. CrO,: A self-doped double exchange ferromagnet. Phys. Rev. Lett. 1998, 80,
4305. [CrossRef]

Ghosh, K.; Lobb, C.; Greene, R.; Karabashev, S.; Shulyatev, D.; Arsenov, A.; Mukovskii, Y. Critical phenomena in the double-
exchange ferromagnet Lag 751 3MnOs3. Phys. Rev. Lett. 1998, 81, 4740. [CrossRef]

Kramers, H. L'interaction entre les atomes magnétogenes dans un cristal paramagnétique. Physica 1934, 1, 182-192. [CrossRef]
Anderson, P.W. Antiferromagnetism. Theory of Superexchange Interaction. Phys. Rev. 1950, 79, 350-356. [CrossRef]

Kanamori, J. Superexchange interaction and symmetry properties of electron orbitals. J. Phys. Chem. Solids 1959, 10, 87-98.
[CrossRef]

Anderson, PW. New Approach to the Theory of Superexchange Interactions. Phys. Rev. 1959, 115, 2-13. [CrossRef]

Gilleo, M. Superexchange interaction in ferrimagnetic garnets and spinels which contain randomly incomplete linkages. J. Phys.
Chem. Solids 1960, 13, 33-39. [CrossRef]

Moriya, T. Anisotropic Superexchange Interaction and Weak Ferromagnetism. Phys. Rev. 1960, 120, 91-98. [CrossRef]

Moriya, T. New Mechanism of Anisotropic Superexchange Interaction. Phys. Rev. Lett. 1960, 4, 228-230. [CrossRef]

Chikazumi, S.; Graham, C.D. Physics of Ferromagnetism 2e; Oxford University Press: Oxford, UK, 2009; pp. 129-130.

DiVincenzo, D.P,; Bacon, D.; Kempe, J.; Burkard, G.; Whaley, K.B. Universal quantum computation with the exchange interaction.
Nature 2000, 408, 339-342. [CrossRef]

Aharoni, A. Introduction to the Theory of Ferromagnetism; Oxford University Press: Tokyo, NY, USA, 2000; pp. 60-66.

Huang, C.; Feng, J.; Wu, F.; Ahmed, D.; Huang, B.; Xiang, H.; Deng, K.; Kan, E. Toward Intrinsic Room-Temperature Ferromag-
netism in Two-Dimensional Semiconductors. . Am. Chem. Soc. 2018, 140, 11519-11525. [CrossRef]

Miao, N.; Xu, B.; Zhu, L.; Zhou, J.; Sun, Z. 2D Intrinsic Ferromagnets from van der Waals Antiferromagnets. . Am. Chem. Soc.
2018, 140, 2417-2420. [CrossRef]

Carteaux, V.; Brunet, D.; Ouvrard, G.; Andre, G. Crystallographic, magnetic and electronic structures of a new layered ferromag-
netic compound Cr,GepTeg. Phys. Rev. B Condens. Matter 1995, 7, 69. [CrossRef]

Liu, Y.; Petrovic, C. Critical behavior of quasi-two-dimensional semiconducting ferromagnet Cr,GeyTeg. Phys. Rev. B Condens.
Matter 2017, 96, 054406. [CrossRef]

Zhuo, W.; Lei, B.; Wu, S.; Yu, E; Zhu, C,; Cui, J.; Sun, Z.; Ma, D.; Shi, M.; Wang, H. Manipulating Ferromagnetism in Few-Layered
CryGeyTeg. Adv. Mater. 2021, 33, 2008586. [CrossRef]

Tan, C; Lee, J.; Jung, S.-G,; Park, T.; Albarakati, S.; Partridge, ].; Field, M.R.; McCulloch, D.G.; Wang, L.; Lee, C. Hard magnetic
properties in nanoflake van der Waals Fe3GeTe,. Nat. Commun. 2018, 9, 1554. [CrossRef]

Ohno, H.; Chiba, D.; Matsukura, F; Omiya, T.; Abe, E.; Dietl, T.; Ohno, Y.; Ohtani, K. Electric-field control of ferromagnetism.
Nature 2000, 408, 944-946. [CrossRef] [PubMed]

Lohmann, M.; Su, T.; Niu, B.; Hou, Y.; Alghamdi, M.; Aldosary, M.; Xing, W.; Zhong, J.; Jia, S.; Han, W.; et al. Probing Magnetism
in Insulating Cr,Ge, Teg by Induced Anomalous Hall Effect in Pt. Nano Lett. 2019, 19, 2397-2403. [CrossRef] [PubMed]

Li, B.; Wan, Z.; Wang, C.; Chen, P; Huang, B.; Cheng, X.; Qian, Q.; Li, J.; Zhang, Z.; Sun, G. Van der Waals epitaxial growth of
air-stable CrSe;, nanosheets with thickness-tunable magnetic order. Nat. Mater. 2021, 20, 818-825. [CrossRef]

Meng, L.; Zhou, Z.; Xu, M; Yang, S.; Si, K,; Liu, L.; Wang, X,; Jiang, H.; Li, B.; Qin, P.; et al. Anomalous thickness dependence of
Curie temperature in air-stable two-dimensional ferromagnetic 1T-CrTe, grown by chemical vapor deposition. Nat. Commun.
2021, 12, 809. [CrossRef]

Zhang, X.; Lu, Q.; Liu, W.; Niu, W,; Sun, J.; Cook, J.; Vaninger, M.; Miceli, P.F; Singh, D.J.; Lian, S.-W. Room-temperature intrinsic
ferromagnetism in epitaxial CrTe, ultrathin films. Nat. Commun. 2021, 12, 2492. [CrossRef]

Wang, Z.; Zhang, T.; Ding, M.; Dong, B.; Li, Y.; Chen, M.; Li, X.; Huang, J.; Wang, H.; Zhao, X; et al. Electric-field control of
magnetism in a few-layered van der Waals ferromagnetic semiconductor. Nat. Nanotechnol. 2018, 13, 554-559. [CrossRef]
Matsukura, E; Tokura, Y.; Ohno, H. Control of magnetism by electric fields. Nat. Nanotechnol. 2015, 10, 209-220. [CrossRef]
[PubMed]

Ren, W.-n,; Jin, K.5.; Wang, ] .-s.; Ge, C.; Guo, E.-].; Ma, C.; Wang, C.; Xu, X. Tunable electronic structure and magnetic anisotropy
in bilayer ferromagnetic semiconductor CroGe,Teg. Sci. Rep. 2021, 11, 2744. [CrossRef] [PubMed]

Deiseroth, H.-].; Aleksandrov, K.; Reiner, C.; Kienle, L.; Kremer, R.K. Fe3GeTe; and NizGeTe;—Two New Layered Transition-
Metal Compounds: Crystal Structures, HRTEM Investigations, and Magnetic and Electrical Properties. Eur. J. Inorg. Chem. 2006,
8, 1561-1567. [CrossRef]

Deng, Y.; Yu, Y,; Song, Y.; Zhang, J.; Wang, N.Z.; Sun, Z; Yi, Y.; Wu, Y.Z.; Wu, S.; Zhu, ]. Gate-tunable room-temperature
ferromagnetism in two-dimensional Fe3GeTe,. Nature 2018, 563, 94-99. [CrossRef] [PubMed]


http://doi.org/10.1103/PhysRevB.44.7131
http://doi.org/10.1063/1.4811539
http://doi.org/10.1103/PhysRevB.81.205416
http://doi.org/10.1103/PhysRev.82.403
http://doi.org/10.1103/PhysRev.118.141
http://doi.org/10.1103/PhysRevLett.80.4305
http://doi.org/10.1103/PhysRevLett.81.4740
http://doi.org/10.1016/S0031-8914(34)90023-9
http://doi.org/10.1103/PhysRev.79.350
http://doi.org/10.1016/0022-3697(59)90061-7
http://doi.org/10.1103/PhysRev.115.2
http://doi.org/10.1016/0022-3697(60)90124-4
http://doi.org/10.1103/PhysRev.120.91
http://doi.org/10.1103/PhysRevLett.4.228
http://doi.org/10.1038/35042541
http://doi.org/10.1021/jacs.8b07879
http://doi.org/10.1021/jacs.7b12976
http://doi.org/10.1088/0953-8984/7/1/008
http://doi.org/10.1103/PhysRevB.96.054406
http://doi.org/10.1002/adma.202008586
http://doi.org/10.1038/s41467-018-04018-w
http://doi.org/10.1038/35050040
http://www.ncbi.nlm.nih.gov/pubmed/11140674
http://doi.org/10.1021/acs.nanolett.8b05121
http://www.ncbi.nlm.nih.gov/pubmed/30823703
http://doi.org/10.1038/s41563-021-00927-2
http://doi.org/10.1038/s41467-021-21072-z
http://doi.org/10.1038/s41467-021-22777-x
http://doi.org/10.1038/s41565-018-0186-z
http://doi.org/10.1038/nnano.2015.22
http://www.ncbi.nlm.nih.gov/pubmed/25740132
http://doi.org/10.1038/s41598-021-82394-y
http://www.ncbi.nlm.nih.gov/pubmed/33531569
http://doi.org/10.1002/ejic.200501020
http://doi.org/10.1038/s41586-018-0626-9
http://www.ncbi.nlm.nih.gov/pubmed/30349002

Coatings 2022, 12,122 32 of 37

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Yi, J.; Zhuang, H.; Zou, Q.; Wu, Z.; Cao, G.; Tang, S.; Calder, S.A.; Kent, PR.C.; Mandrus, D.; Gai, Z. Competing antiferromagnetism
in a quasi-2D itinerant ferromagnet: Fe;GeTe,. 2D Mater. 2016, 4, 011005. [CrossRef]

Fei, Z.; Huang, B.; Malinowski, P.; Wang, W.; Song, T.; Sanchez, J.; Yao, W.; Xiao, D.; Zhu, X.; May, A.F; et al. Two-dimensional
itinerant ferromagnetism in atomically thin Fe3GeTe;,. Nat. Mater. 2018, 17, 778-782. [CrossRef]

Desai, S.B.; Madhvapathy, S.R.; Amani, M.; Kiriya, D.; Hettick, M.; Tosun, M.; Zhou, Y.; Dubey, M.; Ager III, ] W.; Chrzan, D.; et al.
Gold-Mediated Exfoliation of Ultralarge Optoelectronically-Perfect Monolayers. Adv. Mater. 2016, 28, 4053—4058. [CrossRef]
[PubMed]

Li, Q.; Yang, M.; Gong, C.; Chopdekar, R.V.; N'Diaye, A.T,; Turner, J.; Chen, G.; Scholl, A.; Shafer, P.; Arenholz, E.; et al. Patterning-
Induced Ferromagnetism of Fe3GeTe, van der Waals Materials beyond Room Temperature. Nano Lett. 2018, 18, 5974-5980.
[CrossRef]

May, A.E; Ovchinnikov, D.; Zheng, Q.; Hermann, R; Calder, S.; Huang, B.; Fei, Z.; Liu, Y.; Xu, X.; McGuire, M.A. Ferromagnetism
near Room Temperature in the Cleavable van der Waals Crystal Fe5GeTep. ACS Nano 2019, 13, 4436—4442. [CrossRef] [PubMed]
Stahl, J.; Shlaen, E.; Johrendt, D. The van der Waals Ferromagnets Fes_ 5GeTe, and Fes_ 5 _NixGeTe,—Crystal Structure, Stacking
Faults, and Magnetic Properties. Z. Fiir Anorg. Und Allg. Chem. 2018, 644, 1923-1929. [CrossRef]

McGuire, M. Crystal and Magnetic Structures in Layered, Transition Metal Dihalides and Trihalides. Crystals 2017, 7, 121.
[CrossRef]

McGuire, M. A ; Dixit, H.; Cooper, V.R.; Sales, B.C. Coupling of Crystal Structure and Magnetism in the Layered, Ferromagnetic
Insulator Crlz. Chem. Mater. 2015, 27, 612-620. [CrossRef]

Jiang, S.; Shan, J.; Mak, K.E. Electric-field switching of two-dimensional van der Waals magnets. Nat. Mater. 2018, 17, 406—410.
[CrossRef]

Jiang, S.; Li, L.; Wang, Z.; Mak, K.E; Shan, J. Controlling magnetism in 2D CrI3 by electrostatic doping. Nat. Nanotechnol. 2018, 13,
549-553. [CrossRef]

Zhang, Z.; Shang, |.; Jiang, C.; Rasmita, A.; Gao, W.; Yu, T. Direct Photoluminescence Probing of Ferromagnetism in Monolayer
Two-Dimensional CrBrz. Nano Lett. 2019, 19, 3138-3142. [CrossRef]

Chen, W,; Sun, Z.; Wang, Z.; Gu, L.; Xu, X.; Wu, S.; Gao, C. Direct observation of van der Waals stacking-dependent interlayer
magnetism. Science 2019, 366, 983-987. [CrossRef]

Pollard, R.J.; McCann, V.H.; Ward, J.B. Magnetic structures of a-MnS and MnSe from 57Fe Mossbauer spectroscopy. J. Phys. C:
Solid State Phys. 1983, 16, 345-353. [CrossRef]

Onari, S.; Arai, T. Infrared Lattice Vibrations and Dielectric Dispersion in Antiferromagnetic Semiconductor MnSe;. |. Phys. Soc.
Jpn. 1979, 46, 184-188. [CrossRef]

O’Hara, D.J.; Zhu, T,; Trout, A.-H.; Ahmed, A.S.; Luo, YK.; Lee, C.H.; Brenner, M.R,; Rajan, S.; Gupta, ].A.; McComb, D.W.; et al.
Room Temperature Intrinsic Ferromagnetism in Epitaxial Manganese Selenide Films in the Monolayer Limit. Nano Lett. 2018, 18,
3125-3131. [CrossRef] [PubMed]

Ataca, C.; Sahin, H.; Ciraci, S. Stable, Single-Layer MX, Transition-Metal Oxides and Dichalcogenides in a Honeycomb-Like
Structure. J. Phys. Chem. C 2012, 116, 8983-8999. [CrossRef]

Kan, M.; Adhikari, S.; Sun, Q. Ferromagnetism in MnX, (X =S, Se) monolayers. Phys. Chem. Chem. Phys. 2014, 16, 4990-4994.
[CrossRef]

Yang, J.; Wang, W,; Liu, Y.; Du, H.; Ning, W.; Zheng, G.; Jin, C.; Han, Y.; Wang, N.; Yang, Z.; et al. Thickness dependence of the
charge-density-wave transition temperature in VSe;. Appl. Phys. Lett. 2014, 105, 063109. [CrossRef]

Tong, W.-Y.; Gong, S.-J.; Wan, X.; Duan, C.-G. Concepts of ferrovalley material and anomalous valley Hall effect. Nat. Commun.
2016, 7, 13612. [CrossRef]

Duvijir, G.; Choi, B.K;; Jang, L; Ulstrup, S.; Kang, S.; Thi Ly, T.; Kim, S.; Choi, Y.H.; Jozwiak, C.; Bostwick, A.; et al. Emergence of a
Metal-Insulator Transition and High-Temperature Charge-Density Waves in VSe, at the Monolayer Limit. Nano Lett. 2018, 18,
5432-5438. [CrossRef]

Spiecker, E.; Schmid, A K.; Minor, A.M.; Dahmen, U.; Hollensteiner, S.; Jager, W. Self-Assembled Nanofold Network Formation
on Layered Crystal Surfaces during Metal Intercalation. Phys. Rev. Lett. 2006, 96, 086401. [CrossRef]

Boscher, N.D.; Blackman, C.S.; Carmalt, C.J.; Parkin, I.P; Prieto, A.G. Atmospheric pressure chemical vapour deposition of
vanadium diselenide thin films. Appl. Surf. Sci. 2007, 253, 6041-6046. [CrossRef]

Bonilla, M.; Kolekar, S.; Ma, Y.; Diaz, H.C.; Kalappattil, V.; Das, R.; Eggers, T.; Gutierrez, H.R.; Phan, M.-H.; Batzill, M. Strong
room-temperature ferromagnetism in VSe, monolayers on van der Waals substrates. Nat. Nanotechnol. 2018, 13, 289-293.
[CrossRef]

Xu, K; Chen, P; Li, X.;; Wu, C.; Guo, Y.; Zhao, J.; Wu, X.; Xie, Y. Ultrathin Nanosheets of Vanadium Diselenide: A Metallic
Two-Dimensional Material with Ferromagnetic Charge-Density-Wave Behavior. Angew. Chem. Int. Ed. 2013, 52, 10477-10481.
[CrossRef] [PubMed]

Li, F; Tu, K,; Chen, Z. Versatile Electronic Properties of VSe, Bulk, Few-Layers, Monolayer, Nanoribbons, and Nanotubes: A
Computational Exploration. J. Phys. Chem. C 2014, 118, 21264-21274. [CrossRef]

Yu, W,; Li, J.; Herng, T.S.; Wang, Z.; Zhao, Y.; Chi, X.; Fu, W.; Abdelwahab, I.; Zhou, J.; Dan, J.; et al. Chemically Exfoliated VSe,
Monolayers with Room-Temperature Ferromagnetism. Adv. Mater. 2019, 31, 1903779.


http://doi.org/10.1088/2053-1583/4/1/011005
http://doi.org/10.1038/s41563-018-0149-7
http://doi.org/10.1002/adma.201506171
http://www.ncbi.nlm.nih.gov/pubmed/27007751
http://doi.org/10.1021/acs.nanolett.8b02806
http://doi.org/10.1021/acsnano.8b09660
http://www.ncbi.nlm.nih.gov/pubmed/30865426
http://doi.org/10.1002/zaac.201800456
http://doi.org/10.3390/cryst7050121
http://doi.org/10.1021/cm504242t
http://doi.org/10.1038/s41563-018-0040-6
http://doi.org/10.1038/s41565-018-0135-x
http://doi.org/10.1021/acs.nanolett.9b00553
http://doi.org/10.1126/science.aav1937
http://doi.org/10.1088/0022-3719/16/2/017
http://doi.org/10.1143/JPSJ.46.184
http://doi.org/10.1021/acs.nanolett.8b00683
http://www.ncbi.nlm.nih.gov/pubmed/29608316
http://doi.org/10.1021/jp212558p
http://doi.org/10.1039/c3cp55146f
http://doi.org/10.1063/1.4893027
http://doi.org/10.1038/ncomms13612
http://doi.org/10.1021/acs.nanolett.8b01764
http://doi.org/10.1103/PhysRevLett.96.086401
http://doi.org/10.1016/j.apsusc.2007.01.002
http://doi.org/10.1038/s41565-018-0063-9
http://doi.org/10.1002/anie.201304337
http://www.ncbi.nlm.nih.gov/pubmed/23956052
http://doi.org/10.1021/jp507093t

Coatings 2022, 12,122 33 of 37

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Yu, L.; Yao, K,; Liu, Z.; Zhang, Y. Electronic structure and magnetic property of MnSn: Prediction of half-metallic ferromagnetism
in zinc-blende structure. Solid State Commun. 2007, 144, 18-22. [CrossRef]

Li, J.; Li, Y;; Dai, X.; Liu, H.; Yu, X. Ab initio investigation of half-metal state in zinc-blende MnSn and MnC. Phys. B Condens.
Matter 2008, 403, 2473-2476. [CrossRef]

Yuan, Q.-Q.; Guo, Z.; Shi, Z.-Q.; Zhao, H,; Jia, Z.-Y.; Wang, Q.; Sun, J.; Wu, D.; Li, S.-C. Ferromagnetic MnSn monolayer epitaxially
grown on silicon substrate. Chin. Phys. Lett. 2020, 37, 077502. [CrossRef]

Liu, A.; Chen, X.; Zhang, Z.; Jiang, Y.; Shi, C. Selective synthesis and magnetic properties of FeSe, and FeTe; nanocrystallites
obtained through a hydrothermal co-reduction route. Solid State Commun. 2006, 138, 538-541. [CrossRef]

Liu, H.; Xue, Y. Van Der Waals Epitaxial Growth and Phase Transition of Layered FeSe, Nanocrystals. Adv. Mater. 2021, 33,
2008456. [CrossRef]

Kang, L.; Ye, C.; Zhao, X.; Zhou, X.; Hu, J.; Li, Q.; Liu, D.; Das, C.M.; Yang, J.; Hu, D. Phase-controllable growth of ultrathin 2D
magnetic FeTe crystals. Nat. Commun. 2020, 11, 3729. [CrossRef] [PubMed]

Wang, X.; Bian, C.; He, Y.; Guo, J.; Zhang, P; Liu, L.; Wei, Y.; Meng, L.; Jiang, H.; Li, B. Ultrathin FeTe nanosheets with tetragonal
and hexagonal phases synthesized by chemical vapor deposition. Mater. Today 2021, 45, 35-43. [CrossRef]

Hu, C.; Ding, L.; Gordon, K.N.; Ghosh, B.; Li, H.; Lian, S.-W.; Garrison Linn, A.; Tien, H.-J.; Huang, C.-Y.; Sreenivasa Reddy,
PV, et al. Realization of an intrinsic, ferromagnetic axion insulator in MnBigTe;3. Sci. Adv. 2019, 6, eaba4275. [CrossRef]
[PubMed]

Ding, W.; Zhu, J.; Wang, Z.; Gao, Y.; Xiao, D.; Gu, Y.; Zhang, Z.; Zhu, W. Prediction of intrinsic two-dimensional ferroelectrics in
InySes and other III-VI3 van der Waals materials. Nat. Commun. 2017, 8, 14956. [CrossRef]

Xue, F; He, X,; Retamal, ].R.D.; Han, A; Zhang, J.; Liu, Z.; Huang, J.-K.; Hu, W,; Tung, V.; He, ].-H.; et al. Gate-Tunable and
Multidirection-Switchable Memristive Phenomena in a Van Der Waals Ferroelectric. Adv. Mater. 2019, 31, 1901300. [CrossRef]
[PubMed]

Zhou, J.; Zeng, Q.; Lv, D,; Sun, L.; Niu, L.; Fu, W,; Liu, E; Shen, Z; Jin, C.; Liu, Z. Controlled Synthesis of High-Quality
Monolayered o-In;Ses via Physical Vapor Deposition. Nano Lett. 2015, 15, 6400—-6405. [CrossRef]

Yang, H.; Pan, L.; Xiao, M.; Fang, J.; Cui, Y.; Wei, Z. Iron-doping induced multiferroic in two-dimensional InySes. Sci. China Mater.
2019, 63, 421-428. [CrossRef]

Jasinski, J.; Swider, W.; Washburn, J.; Liliental-Weber, Z.; Chaiken, A.; Nauka, K.; Gibson, G.A.; Yang, C.C. Crystal structure of
k-InySes. Appl. Phys. Lett. 2002, 81, 4356—4358. [CrossRef]

Thomas, B. Effect of in situ post-deposition annealing on the formation of -In;Se; thin films grown by elemental evaporation.
Appl. Phys. A 1992, 54,293-299. [CrossRef]

Balakrishnan, N.; Steer, E.D.; Smith, E.F.; Kudrynskyi, Z.R.; Kovalyuk, Z.D.; Eaves, L.; Patane, A.; Beton, P.H. Epitaxial growth of
v-InSe and «, 3, and y-In,Se; on e-GaSe. 2D Mater. 2018, 5, 035026. [CrossRef]

Osamura, K.; Murakami, Y.; Tomiie, Y. Crystal Structures of «-and -Indium Selenide, InySes. J. Phys. Soc. Jpn. 1966, 21, 1848.
[CrossRef]

Sun, W.; Wang, W.; Chen, D.; Cheng, Z.; Wang, Y. Valence mediated tunable magnetism and electronic properties by ferroelectric
polarization switching in 2D Fel, /InySe3 van der Waals heterostructures. Nanoscale 2019, 11, 9931-9936. [CrossRef] [PubMed]
Sundaram, R.S.; Engel, M.; Lombardo, A.; Krupke, R.; Ferrari, A.C.; Avouris, P.; Steiner, M. Electroluminescence in Single Layer
MoS,. Nano Lett. 2013, 13, 1416-1421. [CrossRef] [PubMed]

Xiao, D.; Liu, G.-B.; Feng, W.; Xu, X.; Yao, W. Coupled Spin and Valley Physics in Monolayers of MoS, and Other Group-VI
Dichalcogenides. Phys. Rev. Lett. 2012, 108, 196802. [CrossRef]

Mak, K.F,; McGill, K.L,; Park, J.; McEuen, P.L. The valley Hall effect in MoS, transistors. Science 2014, 344, 1489. [CrossRef]
[PubMed]

Pan, H.; Zhang, Y.-W. Edge-dependent structural, electronic and magnetic properties of MoS, nanoribbons. J. Mater. Chem. 2012,
22,7280-7290. [CrossRef]

Kou, L.; Tang, C.; Zhang, Y.; Heine, T.; Chen, C.; Frauenheim, T. Tuning Magnetism and Electronic Phase Transitions by Strain
and Electric Field in Zigzag MoS, Nanoribbons. J. Phys. Chem. Lett. 2012, 3, 2934-2941. [CrossRef]

Han, X.; Benkraouda, M.; Qamhieh, N.; Amrane, N. Understanding ferromagnetism in Ni-doped MoS, monolayer from first
principles. Chem. Phys. 2020, 528, 110501. [CrossRef]

Jeon, G.W,; Lee, KW.; Lee, C.E. Ferromagnetism in monolayer MoS, dictated by hydrogen adsorption sites and concentration.
Phys. E 2018, 104, 309-313. [CrossRef]

He, J.; Wu, K; Sa, R.; Li, Q.; Wei, Y. Magnetic properties of nonmetal atoms absorbed MoS; monolayers. Appl. Phys. Lett. 2010, 96,
082504. [CrossRef]

Gao, D.; Shi, S.; Tao, K,; Xia, B.; Xue, D. Tunable ferromagnetic ordering in MoS; nanosheets with fluorine adsorption. Nanoscale
2015, 7, 4211-4216. [CrossRef]

Feng, Y.P; Shen, L.; Yang, M.; Wang, A.; Zeng, M.; Wu, Q.; Chintalapati, S.; Chang, C.-R. Prospects of spintronics based on 2D
materials. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2017, 7, €1313. [CrossRef]

Cheng, Y.C.; Zhu, Z.Y.; Mi, W.B.; Guo, Z.B.; Schwingenschloegl, U. Prediction of two-dimensional diluted magnetic semiconduc-
tors: Doped monolayer MoS, systems. Phys. Rev. B Condens. Matter 2013, 87, 100401. [CrossRef]


http://doi.org/10.1016/j.ssc.2007.07.037
http://doi.org/10.1016/j.physb.2008.01.007
http://doi.org/10.1088/0256-307X/37/7/077502
http://doi.org/10.1016/j.ssc.2006.04.008
http://doi.org/10.1002/adma.202008456
http://doi.org/10.1038/s41467-020-17253-x
http://www.ncbi.nlm.nih.gov/pubmed/32709904
http://doi.org/10.1016/j.mattod.2020.11.022
http://doi.org/10.1126/sciadv.aba4275
http://www.ncbi.nlm.nih.gov/pubmed/32743072
http://doi.org/10.1038/ncomms14956
http://doi.org/10.1002/adma.201901300
http://www.ncbi.nlm.nih.gov/pubmed/31148294
http://doi.org/10.1021/acs.nanolett.5b01590
http://doi.org/10.1007/s40843-019-1212-x
http://doi.org/10.1063/1.1526925
http://doi.org/10.1007/BF00323853
http://doi.org/10.1088/2053-1583/aac479
http://doi.org/10.1143/JPSJ.21.1848
http://doi.org/10.1039/C9NR01510H
http://www.ncbi.nlm.nih.gov/pubmed/31070212
http://doi.org/10.1021/nl400516a
http://www.ncbi.nlm.nih.gov/pubmed/23514373
http://doi.org/10.1103/PhysRevLett.108.196802
http://doi.org/10.1126/science.1250140
http://www.ncbi.nlm.nih.gov/pubmed/24970080
http://doi.org/10.1039/c2jm15906f
http://doi.org/10.1021/jz301339e
http://doi.org/10.1016/j.chemphys.2019.110501
http://doi.org/10.1016/j.physe.2018.08.004
http://doi.org/10.1063/1.3318254
http://doi.org/10.1039/C5NR00409H
http://doi.org/10.1002/wcms.1313
http://doi.org/10.1103/PhysRevB.87.100401

Coatings 2022, 12,122 34 of 37

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Andriotis, A.N.; Menon, M. Tunable magnetic properties of transition metal doped MoS,. Phys. Rev. B Condens. Matter 2014, 90,
125304. [CrossRef]

Fan, X.L.; An, Y.R,; Guo, WJ. Ferromagnetism in Transitional Metal-Doped MoS; Monolayer. Nanoscale Res. Lett. 2016, 11, 154.
[CrossRef]

Han, SW,; Park, Y.; Hwang, Y.H.; Lee, W.G.; Hong, S.C. Investigation of electron irradiation-induced magnetism in layered MoS,
single crystals. Appl. Phys. Lett. 2016, 109, 252403. [CrossRef]

Yao, W.; Wang, E.; Huang, H.; Deng, K.; Yan, M.; Zhang, K.; Miyamoto, K.; Okuda, T; Li, L.; Wang, Y.; et al. Direct observation of
spin-layer locking by local Rashba effect in monolayer semiconducting PtSe; film. Nat. Commun. 2017, 8, 14216. [CrossRef]
Yim, C.; Lee, K.; McEvoy, N.; O’Brien, M.; Riazimehr, S.; Berner, N.C.; Cullen, C.P,; Kotakoski, J.; Meyer, ].C.; Lemme, M.C; et al.
High-Performance Hybrid Electronic Devices from Layered PtSe; Films Grown at Low Temperature. ACS Nano 2016, 10,
9550-9558. [CrossRef]

Gao, J.; Cheng, Y,; Tian, T.; Hu, X.; Zeng, K.; Zhang, G.; Zhang, Y.-W. Structure, Stability, and Kinetics of Vacancy Defects in
Monolayer PtSey: A First-Principles Study. ACS Omega 2017, 2, 8640-8648. [CrossRef]

Oyedele, A.D.; Yang, S.; Liang, L.; Puretzky, A.A.; Wang, K.; Zheng, ].; Yu, P; Pudasaini, P.R.; Ghosh, A.W,; Liu, Z.; et al. PdSe;:
Pentagonal Two-Dimensional Layers with High Air Stability for Electronics. J. Am. Chem. Soc. 2017, 139, 14090-14097.

Qin, D; Yan, P; Ding, G.; Ge, X.; Song, H.; Gao, G. Monolayer PdSe,: A promising two-dimensional thermoelectric material. Sci.
Rep. 2018, 8, 5639-5647. [CrossRef] [PubMed]

Zhang, S.-H.; Liu, B.-G. Hole-doping-induced half-metallic ferromagnetism in a highly-air-stable PdSe, monolayer under uniaxial
stress. J. Mater. Chem. C 2018, 6, 6792-6798. [CrossRef]

Conley, HJ.; Wang, B.; Ziegler, ].I; Haglund, R.F,, Jr.; Pantelides, S.T.; Bolotin, K.I. Bandgap engineering of strained monolayer
and bilayer MoS,. Nano Lett. 2013, 13, 3626-3630. [CrossRef] [PubMed]

Bennett, N.S.; Cowern, N.E.B.; Sealy, B.J. Model for electron mobility as a function of carrier concentration and strain in heavily
doped strained silicon. Appl. Phys. Lett. 2009, 94, 252109. [CrossRef]

Aslan, O.B.; Deng, M.; Heinz, T.F. Strain tuning of excitons in monolayer WSe;. Phys. Rev. B Condens. Matter 2018, 98, 115308.
[CrossRef]

Pan, H. Electronic and Magnetic Properties of Vanadium Dichalcogenides Monolayers Tuned by Hydrogenation. J. Phys. Chem. C
2014, 118, 13248-13253. [CrossRef]

Pan, H. Magnetic and electronic evolutions of hydrogenated VTe, monolayer under tension. Sci. Rep. 2014, 4, 7524. [CrossRef]
Lasek, K.; Coelho, PM.; Zberecki, K.; Xin, Y.; Kolekar, S.K.; Li, J.; Batzill, M. Molecular beam epitaxy of transition metal (Ti-,
V-, and Cr-) tellurides: From monolayer ditellurides to multilayer self-intercalation compounds. ACS nano 2020, 14, 8473-8484.
[CrossRef]

Bhandavat, R.; David, L.; Singh, G. Synthesis of Surface-Functionalized WS, Nanosheets and Performance as Li-lon Battery
Anodes. |. Phys. Chem. Lett. 2012, 3, 1523-1530. [CrossRef]

Ma, Y.; Dai, Y.; Guo, M.; Niu, C.; Lu, ].; Huang, B. Electronic and magnetic properties of perfect, vacancy-doped, and nonmetal
adsorbed MoSe,, MoTe; and WS; monolayers. Phys. Chem. Chem. Phys. 2011, 13, 15546-15553. [CrossRef] [PubMed]
Novoselov, K.S.; Geim, A K.; Morozov, S.V,; Jiang, D.; Katsnelson, M.I.; Grigorieva, 1.V.; Dubonos, S.V.; Firsov, A.A. Two-
dimensional gas of massless Dirac fermions in graphene. Nature 2005, 438, 197-200. [CrossRef]

Son, Y.-W.; Cohen, M.L.; Louie, S.G. Energy Gaps in Graphene Nanoribbons. Phys. Rev. Lett. 2006, 97, 216803. [CrossRef]
[PubMed]

Yin, W.-].; Xie, Y.-E.; Liu, L.-M.; Wang, R.-Z.; Wei, X.-L.; Lau, L.; Zhong, J.-X; Chen, Y.-P. R-graphyne: A new two-dimensional
carbon allotrope with versatile Dirac-like point in nanoribbons. J. Mater. Chem. A 2013, 1, 5341-5346. [CrossRef]

Zhang, H,; Li, X.-B,; Liu, L.-M. Tunable electronic and magnetic properties of WS, nanoribbons. J. Appl. Phys. 2013, 114, 093710.
[CrossRef]

Zhang, F.; Zheng, B.; Sebastian, A.; Olson, D.H.; Liu, M.; Fujisawa, K.; Pham, Y.T.H.; Jimenez, V.O.; Kalappattil, V.; Miao, L.
Monolayer vanadium-doped tungsten disulfide: A room-temperature dilute magnetic semiconductor. Adv. Sci. 2020, 7, 2001174.
[CrossRef] [PubMed]

Su, G.; Hadjiev, V.G.; Loya, PE.; Zhang, ].; Lei, S.; Maharjan, S.; Dong, P.; Ajayan, M.; Lou, J.; Peng, H. Chemical vapor deposition
of thin crystals of layered semiconductor SnS; for fast photodetection application. Nano Lett. 2015, 15, 506-513. [CrossRef]

Li, B.; Xing, T.; Zhong, M.; Huang, L.; Lei, N.; Zhang, J.; Li, J.; Wei, Z. A two-dimensional Fe-doped SnS; magnetic semiconductor.
Nat. Commun. 2017, 8, 1958. [CrossRef] [PubMed]

Zhou, Y.; Nie, Y; Liu, Y,; Yan, K.; Hong, J.; Jin, C.; Zhou, Y.; Yin, ].; Liu, Z.; Peng, H. Epitaxy and photoresponse of two-dimensional
GaSe crystals on flexible transparent mica sheets. ACS Nano 2014, 8, 1485-1490. [CrossRef]

Li, X;; Lin, M.-W,; Puretzky, A.A.; Idrobo, ].C.; Ma, C.; Chi, M.; Yoon, M.; Rouleau, C.M.; Kravchenko, L.I.; Geohegan, D.B.; et al.
Controlled Vapor Phase Growth of Single Crystalline, Two-Dimensional GaSe Crystals with High Photoresponse. Sci. Rep. 2014,
4,5497. [CrossRef] [PubMed]

Cao, T,; Li, Z.; Louie, S.G. Tunable magnetism and half-metallicity in hole-doped monolayer GaSe. Phys. Rev. Lett. 2015, 114,
236602. [CrossRef]

Lu, Y,; Ke, C,; Fu, M,; Lin, W;; Zhang, C.; Chen, T.; Li, H.; Kang, J.; Wu, Z.; Wu, Y. Magnetic modification of GaSe monolayer by
absorption of single Fe atom. RSC Adv. 2017, 7, 4285-4290. [CrossRef]


http://doi.org/10.1103/PhysRevB.90.125304
http://doi.org/10.1186/s11671-016-1376-y
http://doi.org/10.1063/1.4971192
http://doi.org/10.1038/ncomms14216
http://doi.org/10.1021/acsnano.6b04898
http://doi.org/10.1021/acsomega.7b01619
http://doi.org/10.1038/s41598-018-20918-9
http://www.ncbi.nlm.nih.gov/pubmed/29426886
http://doi.org/10.1039/C8TC01450G
http://doi.org/10.1021/nl4014748
http://www.ncbi.nlm.nih.gov/pubmed/23819588
http://doi.org/10.1063/1.3159821
http://doi.org/10.1103/PhysRevB.98.115308
http://doi.org/10.1021/jp503030b
http://doi.org/10.1038/srep07524
http://doi.org/10.1021/acsnano.0c02712
http://doi.org/10.1021/jz300480w
http://doi.org/10.1039/c1cp21159e
http://www.ncbi.nlm.nih.gov/pubmed/21808797
http://doi.org/10.1038/nature04233
http://doi.org/10.1103/PhysRevLett.97.216803
http://www.ncbi.nlm.nih.gov/pubmed/17155765
http://doi.org/10.1039/c3ta00097d
http://doi.org/10.1063/1.4820470
http://doi.org/10.1002/advs.202001174
http://www.ncbi.nlm.nih.gov/pubmed/33344114
http://doi.org/10.1021/nl503857r
http://doi.org/10.1038/s41467-017-02077-z
http://www.ncbi.nlm.nih.gov/pubmed/29208966
http://doi.org/10.1021/nn405529r
http://doi.org/10.1038/srep05497
http://www.ncbi.nlm.nih.gov/pubmed/24975226
http://doi.org/10.1103/PhysRevLett.114.236602
http://doi.org/10.1039/C6RA27309B

Coatings 2022, 12,122 35 of 37

148.

149.

150.
151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.
166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Tang, W.; Ke, C.; Fu, M.; Wu, Y,; Zhang, C.; Lin, W.; Lu, S.; Wu, Z.; Yang, W.; Kang, J. Electrically tunable magnetic configuration
on vacancy-doped GaSe monolayer. Phys. Lett. A 2018, 382, 667-672. [CrossRef]

Ke, C.; Wu, Y,; Guo, G.-Y.;; Wu, Z.; Kang, J. Electrically controllable magnetic properties of Fe-doped GaSe monolayer. J. Phys. D
Appl. Phys. 2019, 52, 175001. [CrossRef]

Okazaki, A. The crystal structure of germanium selenide GeSe. J. Phys. Soc. Jpn. 1958, 13, 1151-1155. [CrossRef]

Xue, D.J.; Tan, J.; Hu, J.S.; Hu, W.; Guo, Y.G.; Wan, L.J. Anisotropic photoresponse properties of single micrometer-sized GeSe
nanosheet. Adv. Mater. 2012, 24, 4528-4533. [CrossRef] [PubMed]

Sarkar, D.; Ghosh, T.; Roychowdhury, S.; Arora, R.; Sajan, S.; Sheet, G.; Waghmare, U.V.; Biswas, K. Ferroelectric instability
induced ultralow thermal conductivity and high thermoelectric performance in rhombohedral p-type GeSe crystal. |. Am. Chem.
Soc. 2020, 142, 12237-12244. [CrossRef]

Hu, Y,; Zhang, S.; Sun, S.; Xie, M.; Cai, B.; Zeng, H. GeSe monolayer semiconductor with tunable direct band gap and small
carrier effective mass. Appl. Phys. Lett. 2015, 107, 122107. [CrossRef]

Zhao, H.; Mao, Y.; Mao, X,; Shi, X.; Xu, C.; Wang, C.; Zhang, S.; Zhou, D. Band structure and photoelectric characterization of
GeSe monolayers. Adv. Funct. Mater. 2018, 28, 1704855. [CrossRef]

Ishihara, Y.; Nakada, I. Negative Magnetoresistance of GeSe in a Weak Magnetic Field. Phys. Status Solidi B Basic Res. 1981, 106,
K27-K31. [CrossRef]

Dogguy-Smiri, L.; Dung, N.-H.; Pardo, M.P. Structure cristalline du polytype FeGaySy o 1T. Mater. Res. Bull. 1980, 15, 861-866.
[CrossRef]

Dogguy-Smiri, L.; Dung, N.-H. Structure du polytype rthomboedrique 3R du sulfure double de fer et de gallium Fe,GaySs. Acta
Crystallogr. B Struct. Sci. Cryst. Eng. Mater. 1982, 38, 372-375. [CrossRef]

Takada, K.; Sakurai, H.; Takayama-Muromachi, E.; Izumi, F,; Dilanian, R.A.; Sasaki, T. Superconductivity in two-dimensional
CoO; layers. Nature 2003, 422, 53-55. [CrossRef]

Nakatsuji, S.; Nambu, Y.; Tonomura, H.; Sakai, O.; Jonas, S.; Broholm, C.; Tsunetsugu, H.; Qiu, Y.; Maeno, Y. Spin Disorder on a
Triangular Lattice. Science 2005, 309, 1697. [CrossRef]

Nakatsuji, S.; Tonomura, H.; Onuma, K.; Nambu, Y.; Sakai, O.; Maeno, Y.; Macaluso, R.T.; Chan, ].Y. Spin disorder and order in
quasi-2D triangular Heisenberg antiferromagnets: Comparative study of FeGaySy4, Fe;GaySs, and NiGaySy. Phys. Rev. Lett. 2007,
99, 157203. [CrossRef]

Lee, ]J.-U,; Lee, S.; Ryoo, ] H.; Kang, S.; Kim, T.Y.; Kim, P,; Park, C.-H.; Park, J.-G.; Cheong, H. Ising-Type Magnetic Ordering in
Atomically Thin FePS3. Nano Lett. 2016, 16, 7433-7438. [CrossRef] [PubMed]

Kim, K.; Lim, S.Y; Lee, ].-U,; Lee, S.; Kim, T.Y.; Park, K,; Jeon, G.S.; Park, C.-H.; Park, J.-G.; Cheong, H. Suppression of magnetic
ordering in XXZ-type antiferromagnetic monolayer NiPS3. Nat. Commun. 2019, 10, 345. [CrossRef]

Xing, W.; Qiu, L.; Wang, X,; Yao, Y.; Ma, Y.; Cai, R;; Jia, S.; Xie, X.C.; Han, W. Magnon Transport in Quasi-Two-Dimensional van
der Waals Antiferromagnets. Phys. Rev. X 2019, 9, 011026. [CrossRef]

Cuccoli, A.; Roscilde, T.; Tognetti, V.; Vaia, R.; Verrucchi, P. Quantum Monte Carlo study of S = 1/2 weakly anisotropic
antiferromagnets on the square lattice. Phys. Rev. B Condens. Matter 2003, 67, 104414. [CrossRef]

Cardy, J. Scaling and Renormalization in Statistical Physics; Cambridge University Press: Cambridge, UK, 1996; pp. 113-131.

Joy, P.A.; Vasudevan, S. Magnetism in the layered transition-metal thiophosphates MPS; (M = Mn, Fe, and Ni). Phys. Rev. B
Condens. Matter 1992, 46, 5425-5433. [CrossRef]

Ouvrard, G; Brec, R.; Rouxel, J. Structural determination of some MPSj3 layered phases (M = Mn, Fe, Co, Ni and Cd). Mater. Res.
Bull. 1985, 20, 1181-1189. [CrossRef]

Coak, M.; Jarvis, D.; Hamidov, H.; Haines, C.; Alireza, P; Liu, C.; Son, S.; Hwang, I.; Lampronti, G.; Daisenberger, D. Tuning
dimensionality in van-der-Waals antiferromagnetic mott insulators TMPS3. |. Phys. Condens. Matter 2019, 32, 124003. [CrossRef]
[PubMed]

Park, ].-G. Opportunities and challenges of 2D magnetic van der Waals materials: Magnetic graphene? J. Phys. Condens. Matter
2016, 28, 301001. [CrossRef]

Burch, K.S.; Mandrus, D.; Park, J.-G. Magnetism in two-dimensional van der Waals materials. Nature 2018, 563, 47-52. [CrossRef]
[PubMed]

Kim, K; Lee, ].U.; Cheong, H. Raman spectroscopy of two-dimensional magnetic van der Waals materials. Nanotechnology 2019,
30, 452001. [CrossRef]

Yan, J.-Q.; Zhang, Q.; Heitmann, T.; Huang, Z.; Chen, K.; Cheng, ].-G.; Wu, W.; Vaknin, D.; Sales, B.C.; McQueeney, R.]. Crystal
growth and magnetic structure of MnBiyTey. Phys. Rev. Mater. 2019, 3, 064202. [CrossRef]

Li, H,; Liu, S.; Liu, C,; Zhang, J.; Xu, Y;; Yu, R,; Wu, Y.; Zhang, Y.; Fan, S. Antiferromagnetic topological insulator MnBiyTey:
Synthesis and magnetic properties. Phys. Chem. Chem. Phys. 2020, 22, 556-563. [CrossRef] [PubMed]

Yan, J.Q.; Okamoto, S.; McGuire, M.A.; May, A.F.; McQueeney, R.].; Sales, B.C. Evolution of structural, magnetic, and transport
properties in MnBij_SbxTey. Phys. Rev. B Condens. Matter 2019, 100, 104409. [CrossRef]

Mong, R.S.K,; Essin, A.M.; Moore, ].E. Antiferromagnetic topological insulators. Phys. Rev. B Condens. Matter 2010, 81, 245209.
[CrossRef]

Yan, J.-Q.; Liu, Y.; Parker, D.S.; Wu, Y.; Aczel, A.; Matsuda, M.; McGuire, M.A.; Sales, B.C. A-type antiferromagnetic order in
MnBisTe; and MnBigTeyg single crystals. Phys. Rev. Matter. 2020, 4, 054202. [CrossRef]


http://doi.org/10.1016/j.physleta.2018.01.005
http://doi.org/10.1088/1361-6463/ab03e9
http://doi.org/10.1143/JPSJ.13.1151
http://doi.org/10.1002/adma.201201855
http://www.ncbi.nlm.nih.gov/pubmed/22806941
http://doi.org/10.1021/jacs.0c03696
http://doi.org/10.1063/1.4931459
http://doi.org/10.1002/adfm.201704855
http://doi.org/10.1002/pssb.2221060151
http://doi.org/10.1016/0025-5408(80)90208-1
http://doi.org/10.1107/S0567740882003008
http://doi.org/10.1038/nature01450
http://doi.org/10.1126/science.1114727
http://doi.org/10.1103/PhysRevLett.99.157203
http://doi.org/10.1021/acs.nanolett.6b03052
http://www.ncbi.nlm.nih.gov/pubmed/27960508
http://doi.org/10.1038/s41467-018-08284-6
http://doi.org/10.1103/PhysRevX.9.011026
http://doi.org/10.1103/PhysRevB.67.104414
http://doi.org/10.1103/PhysRevB.46.5425
http://doi.org/10.1016/0025-5408(85)90092-3
http://doi.org/10.1088/1361-648X/ab5be8
http://www.ncbi.nlm.nih.gov/pubmed/31770744
http://doi.org/10.1088/0953-8984/28/30/301001
http://doi.org/10.1038/s41586-018-0631-z
http://www.ncbi.nlm.nih.gov/pubmed/30382199
http://doi.org/10.1088/1361-6528/ab37a4
http://doi.org/10.1103/PhysRevMaterials.3.064202
http://doi.org/10.1039/C9CP05634C
http://www.ncbi.nlm.nih.gov/pubmed/31840700
http://doi.org/10.1103/PhysRevB.100.104409
http://doi.org/10.1103/PhysRevB.81.245209
http://doi.org/10.1103/PhysRevMaterials.4.054202

Coatings 2022, 12,122 36 of 37

177.

178.

179.

180.

181.

182.

183.

184.

185.
186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Novoselov, K.S.; Geim, A K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric Field Effect
in Atomically Thin Carbon Films. Science 2004, 306, 666. [CrossRef]

Yi, M.; Shen, Z. A review on mechanical exfoliation for the scalable production of graphene. J. Mater. Chem. A 2015, 3, 11700-11715.
[CrossRef]

Huang, Y,; Pan, Y.-H.; Yang, R.; Bao, L.-H.; Meng, L.; Luo, H.-L.; Cai, Y.-Q.; Liu, G.-D.; Zhao, W.-].; Zhou, Z; et al. Universal
mechanical exfoliation of large-area 2D crystals. Nat. Commun. 2020, 11, 2453. [CrossRef] [PubMed]

Moon, J.-Y,; Kim, M.; Kim, S.-L; Xu, S.; Choi, ].-H.; Whang, D.; Watanabe, K.; Taniguchi, T.; Park, D.S.; Seo, J. Layer-engineered
large-area exfoliation of graphene. Sci. Adv. 2020, 6, eabc6601. [CrossRef]

Coleman, ].N.; Lotya, M.; O'Neill, A.; Bergin, S.D.; King, PJ.; Khan, U.; Young, K.; Gaucher, A ; De, S.; Smith, R.]. Two-dimensional
nanosheets produced by liquid exfoliation of layered materials. Science 2011, 331, 568-571. [CrossRef]

Zeng, Z.; Sun, T.; Zhu, ].; Huang, X.; Yin, Z.; Lu, G.; Fan, Z.; Yan, Q.; Hng, H.H.; Zhang, H. An effective method for the fabrication
of few-layer-thick inorganic nanosheets. Angew. Chem. Int. Ed. 2012, 51, 9052-9056. [CrossRef]

Somani, PR.; Somani, S.P.; Umeno, M. Planer nano-graphenes from camphor by CVD. Chem. Phys. Lett. 2006, 430, 56-59.
[CrossRef]

Cai, Z.; Liu, B.; Zou, X.; Cheng, H.-M. Chemical vapor deposition growth and applications of two-dimensional materials and
their heterostructures. Chem. Rev. 2018, 118, 6091-6133. [CrossRef]

Oh, S. Physics. The complete quantum Hall trio. Science 2013, 340, 153-154. [CrossRef] [PubMed]

Haldane, ED.M. Model for a Quantum Hall Effect without Landau Levels: Condensed-Matter Realization of the “Parity Anomaly”.
Phys. Rev. Lett. 1988, 61, 2015-2018. [CrossRef]

Deng, Y.; Yu, Y.; Shi, M.Z.; Guo, Z.; Xu, Z.; Wang, J.; Chen, X.H.; Zhang, Y. Quantum anomalous Hall effect in intrinsic magnetic
topological insulator MnBi, Tey. Science 2020, 367, 895-900. [CrossRef] [PubMed]

Otrokov, M.M.; Klimovskikh, LI; Bentmann, H.; Estyunin, D.; Zeugner, A.; Aliev, Z.S.; Ga8, S.; Wolter, A.U.B.; Koroleva, A.V,;
Shikin, A.M.; et al. Prediction and observation of an antiferromagnetic topological insulator. Nature 2019, 576, 416-422. [CrossRef]
Li,J; Li, Y,; Du, S.; Wang, Z.; Gu, B.-L.; Zhang, S.-C.; He, K.; Duan, W.; Xu, Y. Intrinsic magnetic topological insulators in van der
Waals layered MnBi, Tes-family materials. Sci. Adv. 2019, 5, eaaw5685. [CrossRef]

Ghazaryan, D.; Greenaway, M.T.; Wang, Z.; Guarochico-Moreira, V.H.; Vera-Marun, L].; Yin, ]J.; Liao, Y.; Morozov, S.V.; Kris-
tanovski, O.; Lichtenstein, A.L; et al. Magnon-assisted tunnelling in van der Waals heterostructures based on CrBrz. Nat. Electron.
2018, 1, 344-349. [CrossRef]

Bogdanov, A.; RoSler, U. Chiral symmetry breaking in magnetic thin films and multilayers. Phys. Rev. Lett. 2001, 87, 037203.
[CrossRef] [PubMed]

Iwasaki, J.; Mochizuki, M.; Nagaosa, N. Current-induced skyrmion dynamics in constricted geometries. Nat. Nanotechnol. 2013, 8,
742-747. [CrossRef] [PubMed]

Roessler, U.K.; Bogdanov, A.; Pfleiderer, C. Spontaneous skyrmion ground states in magnetic metals. Nature 2006, 442, 797-801.
[CrossRef]

Dupé, B.; Hoffmann, M.; Paillard, C.; Heinze, S. Tailoring magnetic skyrmions in ultra-thin transition metal films. Nat. Commun.
2014, 5, 4030. [CrossRef]

Romming, N.; Hanneken, C.; Menzel, M.; Bickel, J.E.; Wolter, B.; von Bergmann, K.; Kubetzka, A.; Wiesendanger, R. Writing and
deleting single magnetic skyrmions. Science 2013, 341, 636—639. [CrossRef]

Miihlbauer, S.; Binz, B.; Jonietz, F.; Pfleiderer, C.; Rosch, A.; Neubauer, A.; Georgii, R.; Boni, P. Skyrmion lattice in a chiral magnet.
Science 2009, 323, 915-919. [CrossRef]

Hsu, P-J.; Kubetzka, A.; Finco, A.; Romming, N.; von Bergmann, K.; Wiesendanger, R. Electric-field-driven switching of individual
magnetic skyrmions. Nat. Nanotechnol. 2017, 12, 123-126. [CrossRef]

Sondhi, S.L.; Karlhede, A.; Kivelson, S.; Rezayi, E. Skyrmions and the crossover from the integer to fractional quantum Hall effect
at small Zeeman energies. Phys. Rev. B Condens. Matter 1993, 47, 16419. [CrossRef]

Sampaio, J.; Cros, V.; Rohart, S.; Thiaville, A.; Fert, A. Nucleation, stability and current-induced motion of isolated magnetic
skyrmions in nanostructures. Nat. Nanotechnol. 2013, 8, 839-844. [CrossRef]

Tomasello, R.; Martinez, E.; Zivieri, R.; Torres, L.; Carpentieri, M.; Finocchio, G. A strategy for the design of skyrmion racetrack
memories. Sci. Rep. 2014, 4, 6784. [CrossRef]

Kang, W.; Huang, Y.; Zheng, C.; Lv, W.; Lei, N.; Zhang, Y.; Zhang, X.; Zhou, Y.; Zhao, W. Voltage controlled magnetic skyrmion
motion for racetrack memory. Sci. Rep. 2016, 6, 23164. [CrossRef] [PubMed]

Zhou, Y.; Ezawa, M. A reversible conversion between a skyrmion and a domain-wall pair in a junction geometry. Nat. Commun.
2014, 5, 4652. [CrossRef]

Zhang, X.; Ezawa, M.; Zhou, Y. Magnetic skyrmion logic gates: Conversion, duplication and merging of skyrmions. Sci. Rep.
2015, 5, 9400. [CrossRef]

Zhou, Y,; Iacocca, E.; Awad, A.A; Dumas, R.K.; Zhang, F,; Braun, H.B,; Akerman, J. Dynamically stabilized magnetic skyrmions.
Nat. Commun. 2015, 6, 8193. [CrossRef]

Yang, L.; Wu, H.; Zhang, L.; Zhang, W.; Li, L.; Kawakami, T.; Sugawara, K.; Sato, T.; Zhang, G.; Gao, P; et al. Highly Tunable
Near-Room Temperature Ferromagnetism in Cr-Doped Layered Tq-WTe;. Adv. Funct. Mater. 2021, 31, e2008116. [CrossRef]


http://doi.org/10.1126/science.1102896
http://doi.org/10.1039/C5TA00252D
http://doi.org/10.1038/s41467-020-16266-w
http://www.ncbi.nlm.nih.gov/pubmed/32415180
http://doi.org/10.1126/sciadv.abc6601
http://doi.org/10.1126/science.1194975
http://doi.org/10.1002/anie.201204208
http://doi.org/10.1016/j.cplett.2006.06.081
http://doi.org/10.1021/acs.chemrev.7b00536
http://doi.org/10.1126/science.1237215
http://www.ncbi.nlm.nih.gov/pubmed/23580518
http://doi.org/10.1103/PhysRevLett.61.2015
http://doi.org/10.1126/science.aax8156
http://www.ncbi.nlm.nih.gov/pubmed/31974160
http://doi.org/10.1038/s41586-019-1840-9
http://doi.org/10.1126/sciadv.aaw5685
http://doi.org/10.1038/s41928-018-0087-z
http://doi.org/10.1103/PhysRevLett.87.037203
http://www.ncbi.nlm.nih.gov/pubmed/11461587
http://doi.org/10.1038/nnano.2013.176
http://www.ncbi.nlm.nih.gov/pubmed/24013132
http://doi.org/10.1038/nature05056
http://doi.org/10.1038/ncomms5030
http://doi.org/10.1126/science.1240573
http://doi.org/10.1126/science.1166767
http://doi.org/10.1038/nnano.2016.234
http://doi.org/10.1103/PhysRevB.47.16419
http://doi.org/10.1038/nnano.2013.210
http://doi.org/10.1038/srep06784
http://doi.org/10.1038/srep23164
http://www.ncbi.nlm.nih.gov/pubmed/26975697
http://doi.org/10.1038/ncomms5652
http://doi.org/10.1038/srep09400
http://doi.org/10.1038/ncomms9193
http://doi.org/10.1002/adfm.202008116

Coatings 2022, 12,122 37 of 37

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.
219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Li, C; Hsu, S.C,; Lin, ].X;; Chen, ].Y.; Chuang, K.C; Chang, Y.P; Hsu, H.S.; Chen, C.H,; Lin, T.S,; Liu, Y.H. Giant Zeeman Splitting
for Monolayer Nanosheets at Room Temperature. J. Am. Chem. Soc. 2020, 142, 20616-20623. [CrossRef] [PubMed]

Ge, J.; Luo, T.; Lin, Z; Shi, J.; Liu, Y.; Wang, P; Zhang, Y.; Duan, W.; Wang, J]. Magnetic Moments Induced by Atomic Vacancies in
Transition Metal Dichalcogenide Flakes. Adv. Mater. 2020, 33, €2005465. [CrossRef] [PubMed]

Sharpe, A.L.; Fox, EJ.; Barnard, A.W.; Finney, J.; Watanabe, K.; Taniguchi, T.; Kastner, M.A. Emergent ferromagnetism near
three-quarters filling in twisted bilayer graphene. Science 2019, 365, 605-608. [CrossRef]

Bultinck, N.; Chatterjee, S.; Zaletel, M.P. Mechanism for Anomalous Hall Ferromagnetism in Twisted Bilayer Graphene. Phys. Rev.
Lett. 2020, 124, 166601. [CrossRef]

Chen, G.; Sharpe, A.L.; Fox, E.J.; Zhang, Y.H.; Wang, S.; Jiang, L.; Lyu, B.; Li, H.; Watanabe, K.; Taniguchi, T.; et al. Tunable
correlated Chern insulator and ferromagnetism in a moire superlattice. Nature 2020, 579, 56-61. [CrossRef]

Zhang, L.; Huang, X.; Dai, H.; Wang, M.; Cheng, H.; Tong, L.; Li, Z.; Han, X.; Wang, X; Ye, L.; et al. Proximity-Coupling-Induced
Significant Enhancement of Coercive Field and Curie Temperature in 2D van der Waals Heterostructures. Adv. Mater. 2020, 32,
€2002032. [CrossRef] [PubMed]

Wang, Y.; Wang, C.; Liang, S.J.; Ma, Z.; Xu, K,; Liu, X.; Zhang, L.; Admasu, A.S.; Cheong, S.W.; Wang, L.; et al. Strain-Sensitive
Magnetization Reversal of a van der Waals Magnet. Adv. Mater. 2020, 32, e2004533. [CrossRef]

Li, S;; Zhang, Q.; Lin, S.; Sang, X.; Need, R.F;; Roldan, M.A.; Cui, W,; Hu, Z,; Jin, Q.; Chen, S.; et al. Strong Ferromagnetism
Achieved via Breathing Lattices in Atomically Thin Cobaltites. Adv. Mater. 2021, 33, €2001324. [CrossRef] [PubMed]

Zhang, K; Han, S.; Lee, Y.; Coak, M.]; Kim, J.; Hwang, I; Son, S.; Shin, J.; Lim, M.; Jo, D.; et al. Gigantic Current Control of
Coercive Field and Magnetic Memory Based on Nanometer-Thin Ferromagnetic van der Waals Fe;GeTe,. Adv. Mater. 2020, 33,
€2004110. [CrossRef] [PubMed]

Salamon, M.B.; Jaime, M. The physics of manganites: Structure and transport. Rev. Mod. Phys. 2001, 73, 583-628. [CrossRef]
Coey, ].; Viret, M.; Von Molnar, S. Mixed-valence manganites. Adv. Phys. 1999, 48, 167-293. [CrossRef]

Solovyev, I.; Hamada, N.; Terakura, K. Crucial role of the lattice distortion in the magnetism of LaMnOj. Phys. Rev. Lett. 1996, 76,
4825. [CrossRef]

Millis, A. Lattice effects in magnetoresistive manganese perovskites. Nature 1998, 392, 147-150. [CrossRef]

Wang, Z.C.; Rogers, ].D.; Yao, X.; Nichols, R.; Atay, K.; Xu, B.; Franklin, J.; Sochnikov, I.; Ryan, PJ.; Haskel, D. Colossal
Magnetoresistance without Mixed Valence in a Layered Phosphide Crystal. Adv. Mater. 2021, 33, 2005755. [CrossRef] [PubMed]
Novoselov, K.; Mishchenko, O.A.; Carvalho, O.A.; Neto, A.C. 2D materials and van der Waals heterostructures. Science 2016, 353,
aac9439. [CrossRef]

Kosmider, K.; Fernandez-Rossier, ]. Electronic properties of the MoS;-WS, heterojunction. Phys. Rev. B Condens. Matter 2013, 87,
075451. [CrossRef]

Hou, Y.; Kim, J.; Wu, R. Magnetizing topological surface states of BipSe; with a Crl; monolayer. Sci. Adv. 2019, 5, eaaw1874.
[CrossRef]

Wang, Z.; Sapkota, D.; Taniguchi, T.; Watanabe, K.; Mandrus, D.; Morpurgo, A.F. Tunneling Spin Valves Based on
Fe;GeTe, /hBN /Fe;GeTe, van der Waals Heterostructures. Nano Lett. 2018, 18, 4303-4308. [CrossRef] [PubMed]

Johansen, @.; Risinggard, V.; Sudbg, A.; Linder, J.; Brataas, A. Current Control of Magnetism in Two-Dimensional Fe;GeTe,. Phys.
Rev. Lett. 2019, 122, 217203. [CrossRef]

Jiang, M.; Asahara, H.; Sato, S.; Kanaki, T.; Yamasaki, H.; Ohya, S.; Tanaka, M. Efficient full spin-orbit torque switching in a single
layer of a perpendicularly magnetized single-crystalline ferromagnet. Nat. Commun. 2019, 10, 2590. [CrossRef]

Shao, Q.; Yu, G,; Lan, YYW,; Shi, Y;; Li, M.Y,; Zheng, C.; Zhu, X,; Li, L.J.; Amiri, PK.; Wang, K.L. Strong Rashba-Edelstein
Effect-Induced Spin-Orbit Torques in Monolayer Transition Metal Dichalcogenide /Ferromagnet Bilayers. Nano Lett. 2016, 16,
7514-7520. [CrossRef]

Longo, E.; Locatelli, L.; Belli, M.; Alia, M.; Kumar, A.; Longo, M.; Fanciulli, M.; Mantovan, R. Spin-Charge Conversion in
Fe/Au/Sb,Te; Heterostructures as Probed By Spin Pumping Ferromagnetic Resonance. Adv. Mater. Interfaces 2021, 8, 2101244.
[CrossRef]

Gong, S.-J.; Gong, C.; Sun, Y.-Y.; Tong, W.-Y,; Duan, C.-G.; Chu, ].-H.; Zhang, X. Electrically induced 2D half-metallic antiferro-
magnets and spin field effect transistors. Proc. Natl. Acad. Sci. USA 2018, 115, 8511-8516. [CrossRef] [PubMed]


http://doi.org/10.1021/jacs.0c05368
http://www.ncbi.nlm.nih.gov/pubmed/33249824
http://doi.org/10.1002/adma.202005465
http://www.ncbi.nlm.nih.gov/pubmed/33306277
http://doi.org/10.1126/science.aaw3780
http://doi.org/10.1103/PhysRevLett.124.166601
http://doi.org/10.1038/s41586-020-2049-7
http://doi.org/10.1002/adma.202002032
http://www.ncbi.nlm.nih.gov/pubmed/32803805
http://doi.org/10.1002/adma.202004533
http://doi.org/10.1002/adma.202001324
http://www.ncbi.nlm.nih.gov/pubmed/33314400
http://doi.org/10.1002/adma.202004110
http://www.ncbi.nlm.nih.gov/pubmed/33283320
http://doi.org/10.1103/RevModPhys.73.583
http://doi.org/10.1080/000187399243455
http://doi.org/10.1103/PhysRevLett.76.4825
http://doi.org/10.1038/32348
http://doi.org/10.1002/adma.202005755
http://www.ncbi.nlm.nih.gov/pubmed/33511677
http://doi.org/10.1126/science.aac9439
http://doi.org/10.1103/PhysRevB.87.075451
http://doi.org/10.1126/sciadv.aaw1874
http://doi.org/10.1021/acs.nanolett.8b01278
http://www.ncbi.nlm.nih.gov/pubmed/29870263
http://doi.org/10.1103/PhysRevLett.122.217203
http://doi.org/10.1038/s41467-019-10553-x
http://doi.org/10.1021/acs.nanolett.6b03300
http://doi.org/10.1002/admi.202101244
http://doi.org/10.1073/pnas.1715465115
http://www.ncbi.nlm.nih.gov/pubmed/30076226

	Introduction 
	Origin of Magnetism 
	Exchange Interaction 
	RKKY Exchange 
	Double Exchange 
	Superexchange 

	Magnetic Anisotropy and Magnetic Domain 
	Curie Temperature and Néel Temperature 
	2D ferromagnetic Materials 

	Ferromagnetic 2D vdW Materials 
	Intrinsic Ferromagnetic 2D vdW Materials 
	Cr2Ge2Te6 
	Fe3GeTe2, Fe5GeTe2 
	CrX3 (X = I, Br) 
	MSe2 (M = Mn, V) 
	MnSn 
	FeB2 (B = Se, Te) 
	MnBi8Te13 

	Extrinsic Ferromagnetic 2D vdW Material 
	In2Se3 
	MoS2 
	PtSe2 
	PdSe2 
	VTe2 
	WS2 
	SnS2 
	GaSe and GeSe 


	Antiferromagnetic 2D vdW Materials 
	NiGa2S4, FeGa2S4, Fe2Ga2S5 
	XPS3 (X = Fe, Ni, Mn) 
	MnBi2nTe3n+1 

	Synthesis Techniques, Properties, Property Manipulation, and Devices Based on Ferromagnetism or Antiferromagnetism 
	Synthesis Techniques 
	Quantum Anomalous Hall Effect (QAHE) 
	Magnon 
	Magnetic Skyrmions 
	Property Manipulation 
	2D vdW Heterostructures and FET 
	Spintronic Applications 

	Summary and Outlook 
	References

