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ABSTRACT

The recent discovery of magnetism in monolayers of two-dimensional van der Waals materials has opened new venues in materials science and con-
densed matter physics. Until recently, two-dimensional magnetism remained elusive: Spontaneous magnetic order is a routine instance in three-
dimensional materials but it is not a priori guaranteed in the two-dimensional world. Since the 2016 discovery of antiferromagnetism in monolayer
FePS; by two groups and the subsequent demonstration of ferromagnetic order in monolayer Crl; and bilayer Cr,Ge,Teg, the field changed dramat-
ically. Within several years of scientific discoveries focused on 2D magnets, novel opportunities have opened up in the field of spintronics, namely
spin pumping devices, spin transfer torque, and tunneling. In this review, we describe the state of the art of the nascent field of magnetic two-
dimensional materials focusing on synthesis, engineering, and theory aspects. We also discuss challenges and some of the many different promising
directions for future work, highlighting unique applications that may extend even to other realms, including sensing and data storage.
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I. INTRODUCTION

The recent discovery of magnetism in monolayers of two-
dimensional (2D) van der Waals (vdW) materials has opened new
venues in materials science and condensed matter physics. Until
recently, 2D magnetism remained elusive since the existence of
magnetic order in 2D is a priori not guaranteed. The story changed in
2016 when two groups provided evidence of antiferromagnetism
(AFM) in monolayers of FePS; " In 2017, the presence of ferromag-
netic (FM) order was proven in monolayers of Crl; and on a bilayer of
Cr,Ge,Tes.” The list of candidates has been growing ever since.””

There are various aspects that make 2D vdW crystals with mag-
netic order very interesting. First, magnetic order in 2D can only
happen if there is no continuous rotational symmetry; otherwise, the
proliferation of low-energy spin waves, which lie behind the
Mermin-Wagner theorem,” destroys magnetic order at any finite
temperature. Therefore, magnetic anisotropy and spin waves control
the transition temperature of 2D magnets and play a much more
important role than in their 3D counterparts. Second, the electronic
and mechanical properties of 2D materials can be widely tuned in
various ways—by gating, proximity, and chemical functionaliza-
tion—which permit conception of devices where magnetic order is
controlled at will. Third, magnetic order adds a new functionality to
the set of Lego-like pieces that enriches the game of vertical integra-
tion of 2D materials in van der Waals heterostructures. The stacking
of materials with magnetic order, superconducting order, spin-valley
coupling, and graphene will probably result in structures with
completely new and unexpected properties that we can now explore
both theoretically and experimentally.

Within just 3 years, the discovery of 2D magnets has already
opened up new opportunities in spintronics (i.e., spin pumping devi-
ces, spin transfer torque, and tunneling magnetoresistance).” ' We
envision future applications that may extend into other realms, includ-
ing sensing and data storage. Here, we review some of the experiments
in which magnetism in strictly 2D has been confirmed. We discuss
common synthesis techniques for these materials and methods for

REVIEW scitation.org/journal/are

and describe briefly the corresponding 2D vdW materials (see
Table I).

1. Antiferromagnetism in FePSs

The first experimental evidence of magnetic order at finite tem-
perature in monolayers was found in FePS; in 2016. By monitoring
the Raman peaks that arise from zone folding due to antiferromagnetic
ordering [Fig. 1(a)], it was demonstrated that FePS; exhibits antiferro-
magnetic ordering down to the monolayer limit with a Néel tempera-
ture (Ty) as high as 118 K.

2. Ferromagnetism in Crlz

Kerr microscopy experiments have shown that ferromagnetism
in this material persists down to the monolayer level [Fig. 1(b)] with a
large critical temperature of 45K (not far from that of the bulk
~61K).” Magnetic order in this compound shows an out-of-plane
easy-axis anisotropy. The bilayer system [Fig. 1(c)] showed a surpris-
ing lack of Kerr signal attributed to an interlayer antiferromagnetic
arrangement genuine of the bilayer. Ever since, there has been intense
interest in trying to elucidate the importance of stacking order for the
magnetic response of this material.'” "’

3. Antiferromagnetism in CrClz

Tunneling magnetoresistance measurements in few-layer CrCl;
provided early evidence of antiferromagnetic ordering down to bilayer
samples, as shown in Fig. 1(d)."” Few-layer samples preserved the
same magnetic ordering as their bulk counterparts, with in-plane easy-
axis anisotropy, and antiparallel spin-ordering between layers.
Strikingly, ultrathin CrCl; samples showed a 10-fold increase in
exchange energy, which was attributed to the different stacking order
and its feedback on the out-of-plane exchange interactions at low tem-
peratures. The magnetic phase diagram of CrCl; multilayers has been
established,”” and recently, it has been suggested that CrCl; mono-
layers exhibit ferromagnetic ordering."®

4. Ferromagnetism in Cr,Ge,Teg
Magnetic order at the bilayer level was probed in Cr,Ge,Tes by

. . 4 .
means of Kerr rotation experiments. The monolayer, in turn, was

TABLE I. vdW material systems for which long-range magnetic order has been con-
firmed experimentally in 2D and their characteristics. AFM, antiferromagnetic; FM,
ferromagnetic.

engineering their magnetic properties. Further, we analyze in detail Material Magnetic order T, Magnetic lattice  Refs.

some of the most important theoretical aspects that need to be consid- )

ered to understand 2D magnets. Finally, we identify different phenom- FePS, AFM Zigzag  Honeycomb 1,2 )

ena that we anticipate will be the next steps to follow in the field. Crl, EM 45K Honeycomb  3,12-15

CrCly FM 14K Honeycomb 16-18

Il. EXPERIMENTAL FINDINGS ON 2D MAGNETS Cr,Ge,Teg M 45K Honeycomb 4

TO D'_ATE . . Fe;GeTe, M 300K Triangular 20,21

A. Evidence of magnetic order in 2D VSe, EM 300K Triangular 20-26
We first review some of the existing experiments providing MnSe, M 300K Triangular 27

evidence for magnetic order at the monolayer level (or close to it)
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FIG. 1. Characterization of magnetism in 2D. (a) Temperature dependence of the characteristic Raman peak resulting from spin—order-induced folding of the Brillouin zone in
FePS; as a function of thickness. By monitoring the Raman peaks that arise from zone folding due to antiferromagnetic ordering, researchers have demonstrated that FePS;
exhibits antiferromagnetic ordering down to the monolayer limit. Reproduced with permission from Lee et al., Nano Lett. 16(12), 7433-7438 (2016).” Copyright 2016 American
Chemical Society. (b) and (c) Magneto-optical Kerr rotation as a function of applied magnetic field in flakes of Crls, revealing a ferromagnetic (antiferromagnetic) ground state
in monolayer (bilayer) samples. The insets show optical microscope images of Crl; (scale bars = 5 um). Reproduced with permission from Huang et al. Nature 546(7657),
270-273 (2017). Copyright 2017 Macmillan Publishers Limited, part of Springer Nature.” (d) Magnetoresistance (MR) vs applied field in bilayer, trilayer, and tetralayer tunnel
junctions of CrCl, for which antiferromagnetic ordering has been probed down to bilayer samples. Reproduced with permission from Klein et al., Nat. Phys. 15(12), 1255-1260
(2019). Copyright 2019 Macmillan Publishers Limited, part of Springer Nature.'® (e) Magnetism was studied in Fe;GeTe, by probing the Hall resistance. The ferromagnetic
transition temperature is suppressed relative to the bulk (205K), but an ionic gate can raise T all the way up to room temperature. Reproduced with permission from Deng
et al., Nature 563, 94-99 (2018). Copyright 2018 Macmillan Publishers Limited, part of Springer Nature.”’

found to degrade rapidly. The magnetic transition temperature proved
to be tunable by means of an external magnetic field that clearly
shows the potential to build devices based on 2D vdW magnets with
properties that can be easily manipulated. Theoretical studies have
analyzed the dependence of the electronic structure and magnetic
properties with the number of layers."”

5. Ferromagnetism in FesGeTe, (FGT)

Itinerant ferromagnetism persists in Fe;GeTe, down to the
monolayer limit with a sizable out-of-plane magnetocrystalline anisot-
ropy.”’ Magnetism was studied by probing the Hall resistance, as
shown in Fig. 1(e). The ferromagnetic transition temperature is
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suppressed relative to the bulk (205 K), but an ionic gate can raise T,
all the way up to room temperature, opening up opportunities for
potential voltage-controlled magnetoelectronics.”’

6. Ferromagnetism in transition metal dichalcogenides
(TMDs)

A strong ferromagnetic signal at room temperature has been
reported at the single-layer level in VSe, * However, spontaneous fer-
romagnetism in this system remains a controversial issue due to the
possibility of charge density wave (CDW) formation and the subse-
quent suppression of magnetic order.”””" Angle-resolved photoemis-
sion spectroscopy (ARPES) and scanning tunneling microscopy
(STM) have revealed an electronic reconstruction of single-layer VSe,
without a detectable FM exchange splitting, casting doubts on whether
magnetism originates from an induced band structure spin splitting or
whether extrinsic defects come into play.” *° Room temperature fer-
romagnetism has also been reported in MnSe, films grown by molecu-
lar beam epitaxy (MBE). From superconducting quantum interference
device (SQUID) measurements in the monolayer limit, the magnetic
signal is assigned to intrinsic ferromagnetism with a T, close to room
tempera‘[ure.27

Obviously, other 2D materials are waiting to join this list. In this
context, we note that high-throughput computational exfoliation of
known 2D vdW materials has been explored targeting the Inorganic
Crystal Structure Database. This search identified 56 ferromagnetic
and antiferromagnetic candidate systems by analyzing a subset of 258
candidates.”® Among others, this list includes transition metal diha-
lides MX, and oxyhalides MOX (M = transition metal, X = Cl, Br, I).

B. Common techniques for the synthesis of van der
Waals magnetic crystals

After discussing the early magnetic measurements and observa-
tions done on 2D magnetic crystals, we focus on common synthesis
techniques used for producing layered vdW magnetic crystals. At the
time of writing this article, there are no studies that enable researchers
to produce monolayer- or few-layer-thick magnetic crystals at large
scales using commercially compatible chemical vapor deposition
(CVD) or atomic layer deposition (ALD) methods. This is mainly
because of the limited environmental stability of some of these 2D
magnetic crystals and/or the lack of established surface chemistry
routes to enable layer-by-layer deposition.

Because of these limitations, the community currently heavily
relies on the production of high-crystalline-quality, defect-free crystals
that are ideally free of magnetic impurities such as Fe, Co, and Ni.
Once these layered crystals are produced, a routine mechanical exfolia-
tion”” technique is used to isolate monolayer- to few-layer-thick sheets
onto the desired substrates. Depending on the crystal type (halide vs
chalcogen based) as well as on their phase diagrams, different crystal
growth techniques are used to produce these materials. Based on the
most common studies of vdW magnetic crystals in the field, the popu-
lar growth techniques include chemical vapor transport (CVT), subli-
mation, or flux zone techniques, but recent literature has begun to
address the challenges outlined at the beginning of this section, and
new reports show successful bottom-up synthesis routes for isolating
several-layer and monolayer vdW magnets.

REVIEW scitation.org/journal/are

1. Chemical vapor transport

Chemical vapor transport is an extremely effective and reliable
synthesis technique that can produce macroscale single crystals of lay-
ered materials, including the vdW magnetic crystals discussed in Sec.
IA.”"* In a typical vapor transport experiment, precursor materials
are vacuum sealed inside thick-walled quartz ampoules. Due to the
high temperatures necessary for growth, in addition to lowering the
overall pressure inside the ampoule, vacuum sealing reduces unwanted
impurities that may impact the properties of the desired product. The
vapor transport direction is governed by Le Chatlier’s principle, where
precursor materials are transported from a source to a sink, meaning
that endothermic reactions transport from a hot zone to a cold zone
and exothermic reactions transport from a cold zone to a hot zone. A
suitable transport agent must also be chosen to ensure that the precur-
sors achieve a gaseous state, which is a prerequisite for vapor transport
to occur, as discussed in great length by Binnewies et al.”** For exam-
ple, transition metal thiophosphate crystal synthesis (e.g., MnPS;,
FePS;, and CoPS;) typically involves the use of halides (I,, Br,, etc.) as
transport agents to produce these vdW crystals.”’ Since Crl; crystals
already contain iodine in the crystal matrix, the reaction of elemental
Crand I, in a quartz ampoule is sufficient.”

2. Sublimation

In addition to CVT, physical vapor transport (PVT), or sublima-
tion, is another method that can be used to produce high-quality single
crystals of transition metal halides.”*"” It has proven to be a useful and
low-cost technique that does not require sophisticated ampoule sealing
processes necessary for chemical vapor transport reactions, although
evacuated and sealed ampoules may also be used to carry out the
growth.” For the synthesis of CrCl; and other transition metal halides,
commercially available compounds are placed in an open-ended or
sealed quartz tube and positioned in a horizontal furnace with the
desired temperature gradient. No additional transport agent is
required as these materials contain the necessary halide and self-
transport. After heating the compound to its respective sublimation
point, the transition metal halides transport to the cold zone of the fur-
nace where they nucleate and grow directly on the walls of the quartz
tube. Large, high-quality crystals can be obtained in 24-48 h.”

3. Flux zone growth

While the previously discussed vapor phase synthesis techniques
can be used for transition metal halides, other classes of 2D vdW mag-
nets, such as Cr,Ge,Te; and Fe;GeTe,, can be obtained from solution-
phase flux methods to achieve large, high-quality crystals.”” ** For this
method, stoichiometric amounts of precursors and flux (solvent) are
loaded into an inert crucible, such as quartz, and vacuum sealed
(~107° Torr). Because the precursors and flux are in direct contact
with the crucible, careful selection of the crucible material must be
made to ensure that no undesirable reactions occur between the cruci-
ble and the precursors. Additionally, the inorganic flux is chosen,
among other factors, to have a high solubility of the desired elements
at the growth temperature, not to create any competing phases, and in
many cases, a self-flux can be part of the chemical composition of the
resultant product. In the case of Cr,Ge,Teg, excess germanium and tel-
lurium are used to create a self-flux. The precursors and flux are then
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heated above their melting temperatures and slowly cooled over a
period of several days. As the solution slowly cools, the desired materi-
als precipitate out of the flux, where they spontaneously nucleate and
crystalize. Growth parameters are selected based on prior knowledge
of the product’s binary or ternary phase diagrams, but experimentally,
determining and optimizing the growth parameters are often neces-
sary because phase diagrams have not been fully established for the
desired material system. After the growth is complete, the final step is
to remove the flux from the crystal. The most common method to
remove the flux from tellurium-based vdW magnets is to melt the tel-
lurium and remove it through a centrifugation process, and depending
on the flux, additional steps may be required to fully remove the
flux.”’

4. Advancements in thin-film synthesis

While the crystal growth techniques discussed in Sec. IIB are
well-established methods and have proven useful for the discovery of
2D vdW magnets, they have limited applications for the industrial
manufacturing of electronic devices. Isolating few-layers and mono-
layers of materials grown by bulk synthesis methods require top-down
approaches to deposit them on suitable substrates, the most popular
being the well-known Scotch tape technique introduced by Novoselov
et al.”” and others.”* *° This has proven to be an excellent method to
study the intrinsic properties of vdW crystals in their low-dimensional
limit. However, if the next-generation materials for quantum electron-
ics are to be realized, rapid progress toward the growth of reliable,
large-area thin films and monolayers must be made. In this context,
studies using CVT to produce thin films of vdW magnets on a variety
of substrates have recently been performed.”” ** Rather than empiri-
cally determining favorable growth conditions, computational model-
ing of the elemental chemical transport is done first, allowing the
simulation of transport reactions for a number of 2D vdW magnetic
materials. For the chromium-trihalide family, it was found that CrBr;
and Crl; would be best synthesized by traditional CV'T, while direct
sublimation of CrCl; would be the best approach. Transport rates
determined using this method allow estimates to be obtained of the
most favorable growth times and temperatures to deposit these materi-
als without performing exhaustive and expensive empirical studies.
X-ray photoelectron spectroscopy (XPS) and other characterization
techniques determined the successful synthesis of CrX; (X = Cl, Br, I)
on yttrium-stabilized zirconia substrates with limited detectable impu-
rities. Results from this work may extend to other material classes and
could be used as a test bed to understand nucleation and growth
dynamics in a closed system prior to developing highly specific CVD
and ALD systems.

MBE has traditionally been used as a tool to epitaxially synthesize
low-dimensional materials of all types before they are realized using
larger-scale commercial systems. Several vdW magnetic systems are
currently being studied and synthesized using MBE.””' While we
cannot discuss every synthesis article surrounding this topic, highlight-
ing recent developments toward mono- or few-layer growth of mate-
rial systems is important. In 2019, the first report of MBE-grown
CrBr; was published,”” and most recently, a comprehensive study of
Crl; and Crl, synthesized by MBE was performed.” This latter work
demonstrates that monolayer Cr-based di- and trihalides can be epi-
taxially grown on HOPG and Au (111) substrates using a home-built

scitation.org/journal/are

MBE-STM (scanning tunneling microscope), where Crl; powder was
used as the source of iodine because of its compatibility with ultra-
high vacuum (UHV) chambers. AFM, XPS, and STM revealed that
Crl; prefers to form multiphase superstructures, creating networks of
Moiré patterns on Au (111), and that single-crystal monolayers of
Crl; could reliably be grown on HOPG. Furthermore, the stoichiome-
try of Crly (x = 2, 3) films could be controlled via different thermal
processing routes. These findings give massive insight into producing
transition metal halides at larger scales.

5. Vapor deposition

At present, there is very limited research showing successful syn-
thesis of layered magnetic crystals using CVD- or physical vapor depo-
sition (PVD)-based techniques. However, recent reports have
expanded the library of vdW materials that may be synthesized by
these methods, with the most common systems being chalcogen-based
binary and ternary compounds, such as VSe, and NiPS;, among
others.”””*® However, new insights may be derived from recent
work, where for the first time, pnictogen and halogen-based vdW
magnets have been synthesized via chemical and physical vapor depo-
sition routes.””*” In 2020, the first growth of Nil, synthesized by PVD
was reported.”’ This is a massive feat due to the difficulty of control-
ling the gaseous species inside the reaction chamber, as high vapor
pressures and low sublimation points of precursors present numerous
challenges to growth dynamics. Nil, was epitaxially grown on hexago-
nal boron nitride (hBN) and Si/SiO, using a conventional single-zone
tube furnace at ambient pressure and relatively low temperatures
(~450 °C) with Nil, powder and Ar gas as a carrier. Prior to deposi-
tion, commercially sourced hBN was mechanically exfoliated and
transferred onto Si/SiO2 substrates and calcined to eliminate any
unwanted impurities. Raman spectroscopy, energy dispersive spectros-
copy (EDS), XPS, and atomic force microscopy confirmed the success-
ful synthesis of mono- and few-layer Nil, on hBN and thicker films of
Nil, on bare Si/SiO, substrates not covered by hBN.

C. Engineering magnetism in 2D

A significant advantage of 2D materials is that their physical
properties are highly tunable by means of external control parameters
that include electrostatic doping, pressure, and strain. Here, we high-
light a few recent demonstrations of tunable magnetism in 2D
materials.

1. Electrostatic doping

Electrostatic doping is a powerful technique for tuning the elec-
tronic properties of 2D materials. The working principle is similar to
that underlying field-effect transistors and is based on the direct trans-
fer of electronic or ionic charges from a dielectric into the target 2D
material. Electrostatic doping has a series of advantages over chemical
doping of bulk materials. It is continuously controllable through a gate
bias, it is compatible with a variety of dopant species from simple elec-
trons/holes to specific ions/chemical functional groups, and it can be
applied to most 2D materials without being hindered by phase separa-
tion issues in nonstoichiometric bulk synthesis. It has been shown that
the electrostatic doping in 2D materials could unveil new physics, such
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as unconventional superconductivity in MoS,,"" twisted bilayer gra-
phene,62 or structural transitions in MoTe,.*

As mentioned in Sec. IT A 3, bilayer Crl; is a layered antiferro-
magnet, and it was found that the interlayer exchange coupling is tun-
able by electrostatic doping. Figure 2(a) shows the schematic of the
representative bilayer Crl; device. This device is a vertical stack of a
bilayer Crl; flake and a graphite contact encapsulated between two
hBN flakes and a graphite top gate. By applying the gate voltage to
the insulator hBN, the electric dipoles at the hBN-Crl; interface
introduce carrier injection into the bilayer Crls. Figure 2(b) shows
the reflection magnetic circular dichroism (RMCD) signal as a
function of both top- and back-gate voltages near the metamagnetic
transition field yoH=0.78 T. The red region on the right is the
signal from the T T state, and the pink region on the left is from
the layered AFM state. The dashed line boundary indicates that the
metamagnetic transition could be effectively tuned by electrostatic
doping.”**

—
o
~
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FGT is a layered ferromagnet with bulk T, = 205 K. In mono-
layer FGT, however, the ferromagnetic transition temperature is sup-
pressed due to thermal fluctuations of long-wavelength acoustic-like
magnon modes in 2D, while the trilayer sample has a T, of ~100K.
Strikingly, ionic liquid gating could raise T, to room temperature,
much higher than the bulk T, [Fig. 2(d)]. This ionic gating method
[Fig. 2(c)] intercalates the Li* from LiClO, (the transparent liquid
electrolyte) onto the surface of the FGT by the gate voltage V, and the
doping level could reach values as high as 10'*cm ™ which is one
order of magnitude higher than those achievable using hBN gates.”

2. Pressure

In a vdW material, a small change of the interlayer spacing can
cause a drastic change in physical properties. In particular, if the mate-
rial supports magnetism, the interlayer interactions can be modified to
produce a change in the magnitude and sign of the exchange coupling.
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FIG. 2. Gate-tunable magnetism of Crl; and FGT. (a) Schematic of a dual-gated bilayer Crl; device. The device is a vertical stack of a bilayer Crl; flake and a graphite contact
encapsulated between two hBN flakes and a graphite top gate. By applying the gate voltage to the insulator hBN, the electric dipoles at the hBN-CrI3 interface introduce carrier
injection into the bilayer Crls. (b) RMCD signal of the electrostatic doped bilayer Crls. The dashed contour shows the tunable metamagnetic transition field through bias voltage.
Reproduced with permission from Huang et al., Nat. Nanotech. 13(7), 544-548 (2018). Copyright 2018 Macmillan Publishers Limited, part of Springer Nature.®” (c) Schematic
of the FGT device structure and measurement setup. S and D label the source and drain electrodes, respectively, and V4, Vs, V3, and V, label the voltage probes. The solid
electrolyte (LiCIO, dissolved in polyethylene oxide matrix) covers both the FGT flake and the side gate. (d) Phase diagram of the trilayer FGT sample as the gate voltage and
temperature are varied. The transition temperature is determined from the extrapolation of the temperature-dependent anomalous Hall resistance to zero. Reproduced with per-
mission from Deng et al., Nature 563, 94-99 (2018). Copyright 2018 Macmillan Publishers Limited, part of Springer Nature.””
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FIG. 3. High-pressure study of Crls. (a) Schematic of a high-pressure experimental setup. Here, a magnetic tunnel junction device is composed of bilayer Crl; sandwiched between
top and bottom multilayer graphene contacts. The entire MTJ was encapsulated by hBN to prevent sample degradation. The device was then held in a piston cylinder cell filled with oil
for application of hydrostatic pressure. The force applied to the piston exerts pressure on the bilayer Crl; device through ail. (b) Magnetic states are probed by using tunneling current
vs magnetic field H. Measurements at two different pressures are shown. Insets show magnetic states and an optical microscopy image of a bilayer device. (c) and (d) As demon-
strated in Ref. 68, after removal from the cell, reflective magnetic circular dichroism microscopy highlighted that the bilayer Crl; irreversibly transitioned from antiferromagnetic to ferro-
magnetic ordering. Reproduced with permission from Song et al., Nat. Mater. 18(12), 12981302 (2019). Copyright 2019 Macmillan Publishers Limited, part of Springer Nature.”

Hydrostatic pressure is a typical method for continuous control of
interlayer coupling via interlayer spacing in vdW crystals.”

Figure 3(a) shows a schematic of the experimental setup of a
high-pressure study of Crl;. A magnetic tunnel junction (MTJ) device
was composed of bilayer Crl; sandwiched between top and bottom
multilayer graphene contacts. The entire MT] was encapsulated by
hBN to prevent sample degradation. The device was then held in a pis-
ton cylinder cell filled with oil for application of hydrostatic pressure.
Magnetic states were probed by using tunneling magnetoresistance
measurements as shown in Fig. 3(b). After removal from the cell,
RMCD microscopy [Fig. 3(c) and 3(d)] showed that the bilayer Crl;
irreversibly transitioned from antiferromagnetic to ferromagnetic
ordering.””**

3. Strain

2D materials possess outstanding mechanical properties and can
sustain larger strain than their bulk counterparts. Monolayer MoS, is
predicted to sustain elastic strain levels up to 11% and monolayer FeSe
up to 6%.””"" Strain engineering has been shown to be an effective
approach to tune the properties of 2D materials using various meth-
ods, including substrate-lattice mismatc R mechanically actuated
strain cells,””* and nanomechanical drumheads.””

Figure 4(a) shows the experimental setup used in the biaxial strain
study of bilayer Crl; through the nanomechanical drumhead. By apply-
ing a voltage to the silicon substrate, the electrostatic force between sili-
con and Crl; can apply tensile biaxial strain to Crl; itself. Figure 4(b)
shows the structure of the bilayer Crl; device, with Crl; encapsulated
within two stable 2D materials: few-layer graphene at the bottom and
monolayer WSe, on top. In addition to protecting Crl; from degrada-
tion under ambient conditions, few-layer graphene acts as a conducting
electrode, while monolayer WSe, provides a strain gauge via measure-
ments of the shift in the exciton energy (under the assumption that
WSe, experiences the same level of strain as Crls). This 2D heterostruc-
ture was first assembled and then transferred on prefabricated circular
microtrenches with patterned Au electrodes and Si back gate [Fig. 4(c)].
Figure 4(d) shows that the metamagnetic transition field in bilayer Crl;
could be tuned effectively by applying tensile biaxial strain.”

lll. THEORY OF MAGNETISM IN 2D
A. Background

Symmetry breaking in low-dimensional systems plays a very spe-
cial role in condensed matter physics. The spontaneous breaking of a
continuous symmetry is not possible in two dimensions at finite tem-
perature unless long-range interactions come into play. Analogous
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FIG. 4. Biaxial strain study of Crls. (a) Schematic of the measurement system. A DC voltage V is imposed to apply electrostatic force to the membrane. The laser is used to
detect both the strain and magnetic ordering. BS, beam splitter; PD, photodetector. (b) Schematic of a bilayer Crl; device, with Crl; encapsulated within two stable 2D materi-
als: few-layer graphene at the bottom and monolayer WSe, on top. Apart from protecting Crl; from degradation under ambient conditions, the few-layer graphene acts as a
conducting electrode, while monolayer WSe, provides a strain gauge via measurements of the shift in the exciton energy. (c) Optical microscope image of a bilayer Crl; device.
The aforementioned 2D heterostructure was first assembled and then transferred on prefabricated circular microtrenches with patterned Au electrodes and Si back gate. (d)
The metamagnetic transition field as a function of gate-induced strain (circles); the solid line is a linear fit. Reproduced with permission from Jiang et al., Nat. Mater. 19,
1295-1299 (2020). Copyright 2020 Macmillan Publishers Limited, part of Springer Nature.”

propositions were posed, in the form of mathematical theorems, in the
context of crystalline order by Landau and Peierls, in the context of
superconductors and superfluids by Hohenberg,® and in the context
of magnetism by Mermin and Wagner.” The common ground of all
these theorems is the existence of gapless collective excitations—the
Goldstone modes—each of which is associated with the order parame-
ter of the broken symmetry phase. In the case of magnets, these
Goldstone modes are spin waves (or magnons), and in two (and one)
dimensions, the thermal population of these low-energy excitations
completely destroys long-range order. This is exemplified by comput-
ing the correction to the magnetization within spin wave theory for an
isotropic ferromagnet that yields a divergent result in two dimensions,

SM(T) NJOQ kdk

N W

where 0 M(T) refers to the correction to the magnetization due to ther-
mal fluctuations and p and f are the spin wave stiffness and inverse
temperature.

1. Spin Hamiltonian

A very wide class of magnetic materials are insulating. Therefore,
charge degrees of freedom are frozen, and it is possible to describe
their magnetic properties in terms of spin Hamiltonians (even in the
case of conducting magnetic materials, their magnetic properties can
also be described fairly well with effective spin Hamiltonians). So, it is
adequate to start our discussion with a brief description of a simplified
spin Hamiltonian,

H=-Y J;iS §—> K;S—> Di($)+> B-S. (2)
(ij) (i) i i

The first term describes the exchange (Heisenberg) interactions, the

second the anisotropic exchange, and the third the single-ion

anisotropy; the fourth introduces the effect of an external magnetic
field. We note that additional anisotropic terms could be allowed, such
as Kitaev,”” biquadratic exchange,” or Dzyaloshinsky-Moriya'’ inter-
actions (DMI).

The divergent result of Eq. 1 could be avoided if the spin wave
spectra have a gap (mechanism 1) or the dispersion of the spin wave is
different (mechanism 2). Mechanism 1 corresponds to the existence of
a single-ion anisotropy or anisotropic exchange, which yields ferro-
magnetism in Crl;’ and Fe;GeTe,.”' Mechanism 2 corresponds to the
correction to the spin wave dispersion due to dipolar interactions.
Dipolar interactions could allow stabilization of in-plane ferromag-
netic order, yet such a scenario has not been confirmed in a 2D van
der Waals material to date. With the previous dispersion relation, the
correction to the magnetization within the linear spin wave regime
becomes at low temperatures kT « A, which yields a finite correction
to the maximal magnetization at low enough temperatures, thus allow-
ing for a ferromagnetic state at finite temperatures,

kdk L

B. Origin of magnetic anisotropies
1. Single-ion anisotropy

The simplest anisotropic term that can be written is the so-called
uniaxial single-ion anisotropy, which takes the form:

HSIA == —DZ (Slz)z (4)

The parameter D favors off-plane magnetism for D> 0, whereas it
favors in-plane magnetism for D < 0. For D » ], the Heisenberg model
reduces to the Ising model. It must be noted that for S=1/2, §? = 1/4,
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and thus, the previous term is trivial, yielding that S=1/2 ferromag-
nets cannot have single-ion anisotropy.

The physical origin of this term is the interplay between the local
crystal field 0 and the atomic spin-orbit coupling /. Such anisotropic
terms in the Hamiltonian stem from perturbation theory in the high-
spin state of the ion and crucially depend on the spin—orbit coupling
of the magnetic ion. We can distinguish between two different cases:
systems with orbital degeneracy and systems without orbital degener-
acy. In systems with orbital degeneracy, the single-ion anisotropy is
first order in /, yet orbital degeneracy can be easily lifted by a Jahn-
Teller mechanism. In the absence of orbital degeneracy, the single-ion
anisotropy stems (at least) from second-order perturbation in //6,
yielding D ~ (1/5)%.

Single-ion anisotropy is expected to be strong for transition met-
als whose crystal field environment has a well-defined symmetry axis
as in the 2H transition metal dichalcogenide structure. In contrast, for
approximate octahedral environments, such as those in 1T-TMDs or
in Crl;, the magnitude of the trigonal distortion is expected to substan-
tially impact the value of the single-ion anisotropy D.

2. Exchange anisotropy

The second source of a gap in the spin wave Hamiltonian is the
anisotropic exchange that takes the form,

Hy =-K» S, (5)
(i

where ij denotes sum over first neighbors. For a ferromagnet, the pre-
vious term favors a parallel off-plane alignment for K > 0, whereas for
K <0, in-plane magnetism is favored. We note that this term yields a
nontrivial contribution for an S=1/2 system and, thus, can yield a
magnon gap for an § = 1/2 ferromagnet.

Physically, the origin of the anisotropic exchange K stems from
the connecting atoms between two localized spins. Importantly, in this
situation, K is mainly controlled by the spin-orbit coupling of the
bonding atom instead of the magnetic one. A particular example of
this is Crl;, where the anisotropy energy is controlled by the strength
of the spin-orbit coupling of iodine. Generically, 2D magnets with
heavy anions, such as Br, I, and Te, are susceptible to have sizable con-
tributions to the anisotropic exchange due to the large spin-orbit cou-
pling of the ligand anion.”’ The relative strength of the single-ion
anisotropy and anisotropic exchange can be estimated from first prin-
ciples methods, yet their exact values can be sensitive to the details of
the method.”""!

If the dominant correlations in a honeycomb lattice of S=1/2
ions are AFM, then the presence of strong spin-orbit coupling may
lead to anisotropic exchange couplings and satisfy the requirements
for a Kitaev model™” to be applicable. A prominent example of this is
RuCl;.*” We describe this material in more detail in Sec. IV C in the
context of platforms for quantum spin-liquid (QSL) realization.

3. Dipolar anisotropy

Dipolar interactions represent an additional mechanism to stabi-
lize magnetic ordering in 2D. In particular, they may allow stabiliza-
tion of in-plane magnetic ordering at a finite temperature. Dipolar
interactions favor an in-plane arrangement of spins, yielding a

REVIEW scitation.org/journal/are

Hamiltonian with in-plane rotational symmetry. This leads to the so-
called reorientation transition observed in ferromagnetic thin films
that stems from the thermal renormalization of the anisotropy.”*
Moreover, dipolar interactions modify the spin wave spectra so that at
low energies, the magnon dispersion becomes E; ock'’?, yielding the
integral in Eq. | nondivergent. However, van der Waals ferromagnets
with in-plane anisotropy are highly elusive, and assessing the existence
of in-plane ferromagnetic ordering in van der Waals systems remains
an open question.

C. Heisenberg Hamiltonian: Origin of magnetic
exchanges

The strengths and signs of the exchange couplings between dif-
ferent atoms depend on microscopic details and often arise from a
complex interplay between hopping and electronic interactions.
Nevertheless, for those cases in the localized limit (i.e., with the active
electrons being strongly localized in the magnetic ions), the signs of
the different exchange interactions can be predicted using the well-
known Goodenough-Kanamori rules.”

Most of the existing two-dimensional systems that have shown
magnetic long-range order in the single-layer limit present structures
with some common motifs: hexagonal or triangular lattices in the
plane (see Table 1) and cations in an octahedral environment of their
neighboring anions, with these octahedra being connected via edge
sharing. Most of these systems, such as transition metal dihalides and
trihalides,”* transition metal dichalcogenides crystallizing in the 1T
structure,” Cr,Ge,Tes,”” and compounds of the AMX; type”” (includ-
ing phosphosulphides and phosphoselenides), can be interpreted in
the localized electron limit since most of them are magnetic semicon-
ductors both in their bulk and few-layer form. In this situation, it is
important to analyze the possible mechanisms for exchange in such
structures. There will be an important contribution coming from
direct exchange (metal-metal), and another one coming via an anion,
where the cation-anion-cation path forms an angle of ~90° (superex-
change). These structural details can be observed in Fig. 5, which
depicts the structure of FePS;”" as an example of a case of a hexagonal
in-plane network and the close-up case of two neighboring octahedra
sharing an edge. We note that transition metal dichalcogenides can
crystallize in the 2H structure with a trigonal prismatic environment

FIG. 5. (a) Structure of FePS; as seen from the top of the hexagonal plane. (b)
Two transition metal atoms surrounded by an ionic octahedral cage. The octahedra
are edge sharing. This is the typical coordination in most known 2D vdW magnets.
In this situation, competition between metal-metal direct exchange and 90° super-
exchange via anions can take place as discussed in the text.
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around the cations rather than an octahedral one. However, although
the important points necessary to understand the magnetic couplings
involved for such a case are included in our analysis, the crystal field
splittings would be different with respect to the octahedral case.

We now analyze magnetic exchanges for various relevant fillings
of the external d shell and discuss how ferromagnetic ordering may
emerge. We will use transition metal halides (in which 2D magnetism
has been experimentally confirmed or theoretically proposed) as a
practical example to discuss the evolution of magnetic interactions
with d filling and anion size. The important point to follow the discus-
sion would be that as the anion increases in size (going down in its
respective column in the periodic table) it gives rise to a larger cation-
cation distance, which decreases the strength of the direct exchange.
However, the metal-anion-metal interaction is much less affected by
such change. Thus, if both couplings have the same sign, increasing
the anion size simply leads to a reduction in the magnetic transition
temperature. However, if they have opposite signs, as the anion size
increases, the sign of the superexchange becomes more important.
Table 1T compiles all the analyzed d fillings that may lead to FM long-
range order. Other fillings (such as dl, d* d° low spin, or d°)’* % lead
to dominant AFM correlations, and we do not include them here. We
will discuss separately the physics of the spin-1/2 honeycomb lattice
(d" or d” low spin) in Sec. IV C. We will also leave aside the complex
orbital physics that determines the competition between FM and AFM
coupling for d” filling, as in VI5.”* *

1. d® filling

There is active competition between an AFM direct exchange
and a FM superexchange. Direct exchange decreases its strength as a
larger anion is introduced, and hence, the cation-cation distance is
increased. Hence, the tendency for ferromagnetism is enlarged as the
unit cell size increases. In Cr trihalides, it is experimentally observed
that the FM Curie temperature increases with anion size (17 K for Cl,
33K for Br, 68K for I).”” In the case of V dihalides, the AFM Néel
temperature decreases as the anion size increases (36 K for Cl, 30 K for
Br, 16 K for I),'"” indicating a larger importance of the FM component
as the cation-cation distance increases.

2. d° filling

There is also a competition between AFM direct exchange and
FM superexchange. Additionally, there is a competition in the

TABLE II. Summary of the magnetic couplings® discussed in the text for edge-sharing
octahedra at various fillings of the 3D shell, with examples of representative cations. All
cases considered are high spin. If the two couplings have opposite signs, competition is
active. The table is limited to the fillings where ferromagnetism can become the domi-
nant long-range interaction. AFM, antiferromagnetic; FM, ferromagnetic.

Direct 90°
Filling Cations exchange superexchange Competition
& v, et AFM FM Yes
& Mn>", Fe* AFM FM Yes
d° Fe’™ FM FM No
d’ Co** FM FM No
d8 Ni*™ AFM FM Yes
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superexchange between that coming from ¢-bonding (mediated by
the e, electrons), which is FM, and that due to 7-bonding (t,g-medi-
ated), which is AFM. In the case of high-spin d’ cations, the FM com-
ponent becomes important. This competition causes the appearance
of a helical phase in FeCl;'"" and a striped phase in Mn dihalides.

3. df filling

In this case, there is no competition; both direct exchange and
superexchange yield an FM component. That is why in the Fe diha-
lides, the Curie temperature”’ is higher for FeCl, (38 K) than for FeBr,
(14 K); a lower T, occurs when the cation-cation separation increases.

4. d7 filling

Again, there is no competition between direct exchange and
superexchange, both being FM. An example of this is the Co dihalides.
The Curie temperature is reduced when going from CoCl, to
CoL,*"""? (11K for Col,, 19K for CoBr,, and 25K for CoCl,), as the
anion size increases leading to a larger Co-Co distance that decreases
the magnetic interaction strength, in particular, the direct component.

5. d® filling

In this case, there is competition between an AFM direct
exchange and FM superexchange. Ni dihalides exemplify this competi-
tion as they are FM in-plane and their Curie temperature increases as
the size of the anion does because the AFM component of the total
exchange becomes reduced as the cation-cation distance increases
(Nil, has a Curie temperature of 75K and that of the smaller anion
NiCl, is 52 KY).

IV. OVERALL OUTLOOK
A. Multiferroics

Multiferroics are materials showing a coexisting magnetic and
ferroelectric order. Ferroelectric order is the spontaneous development
of a finite electric dipole in a material, analogous to the magnetic
ordering of a ferromagnet. Ferromagnetism and ferroelectricity are
known to obstruct each other. The simplest case is the one of perov-
skites, where displacive ferroelectricity is favored by an empty d shell,
whereas ferromagnetism requires a partially filled d shell. As a result,
realizing multiferroic orders requires a nondisplacive mechanism for
ferroelectricity, such as charge order, spin-driven, electronic lone pair,
or geometric effects. Multiferroic two-dimensional materials would
have important applications, including electric reversal of magnetiza-
tion'” or electrically controlling an exchange bias.'”* Similar effects
have been obtained in two-dimensional heterostructures, as for
instance, in Crl; bilayers,””** yet without relying on a multiferroic
effect. Multiferroicity has been predicted to intrinsically appear in two-
dimensional materials, such as transition metal phosphorus chalcoge-
nides,'”” CuBrz,l%’IO7 and VOIZ.W Interestingly, artificial multifer-
roics can be engineered in ferroelectric/ferromagnetic van der Waals
heterostructures.'””

B. Skyrmions

The interplay of ferromagnetic interactions, DMI, and an exter-
nal magnetic field can turn a skyrmion configuration energetically
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TABLE II. Theoretical prediction for magnetic exchanges in Janus materials.

Material ] (meV) DMI (meV) K (meV) Refs.
Cr(1, Br)s —1.800 0.270 0.505 113
Cr(1, Cl)3 —0.983 0.191 0.422 113
MnSTe 6-10.52 (—0.04)-2.14 0.29 111,114
MnSeTe 12.9-13.26 5.58-2.63 0.37 111,114
MnSSe 25.1-15.60 1.25 0.07 111,114
VSeTe 2.2 4.34 — 114, 115

favorable over the spin-spiral and ferromagnetic states. In addition to
their fundamental interest, skyrmions in 2D vdW materials could pro-
vide a new paradigm for low-power data storage. At this point, a few
theoretical proposals of skyrmion formation in 2D vdW materials
exist. These include twisting in vdW heterostructures, in particular
using the example of a ferromagnetic monolayer on top of an antifer-
romagnet.'””''" An exciting possibility is skyrmion formation via
inversion symmetry breaking in transition metal Janus dichalcogenide
monolayers that can achieve DMI values comparable to “traditional”
skyrmion-hosting materials.' Table I1I shows theoretical predictions
for exchange interaction, DMI, and anisotropy values for candidate
Janus magnets. Another proposal shows that in CrI; monolayers, sky-
rmion spin configurations become more stable than FM ones by
applying an out-of-plane electric field.'"”

Recently, the first experimental observation of magnetic sky-
rmions in the 2D vdW ferromagnet Fe;GeTe, was reported using
high-resolution scanning transmission x-ray microscopy (STXM) and
Lorentz transmission electron microscopy measurements [Fig. 6(a)].
A skyrmion crystal state can be generated both dynamically using cur-
rent pulses and statically using canted magnetic fields''* [Fig. 6(b)].

C. Quantum spin-liquids

QSLs are a class of quantum-disordered phases where reduced
dimensionality, geometric frustration, and quantum fluctuations

() (b)

270
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completely destroy long-range magnetic order down to zero tempera-
ture. QSLs are intriguing as they exhibit topological entanglement
entropy as well as fractionalized excitations that obey emergent gauge
fields (see Ref. 117 for a recent review). Experimental searches for
QSLs mostly targeted layered magnets, whereas the majority of the
theoretical studies are for two-dimensional models. Therefore, 2D
vdW magnets provide a unique opportunity to discover new QSLs.
Two promising routes are the (1) honeycomb lattices with Kitaev
exchange and (2) triangular lattices with frustrated interactions.
Examples of such systems include the aforementioned o-RuCls,'*"'*
KV;Sbs,'* and Osy 55CL, ' Figure 7(a) shows the thermal hall con-
ductivity when applying a tilted magnetic field on o-RuCl; at different
temperatures, and the half-integer plateau indicates the Majorana fer-
mion, a signature of a Kitaev spin-liquid phase. Figure 7(b) shows the
phase diagram of «-RuCl; in a field tilted at 0 = 60° (right inset).
Below T ~ Jix/kg =~ 80K, the spin-liquid (Kitaev paramagnetic) state
appears and the half-integer quantized plateau of the 2D thermal Hall
conductance is observed in the red area.'”’

D. From the synthesis perspective

While traditional synthesis methods are a logical choice for fun-
damental research in order to identify the most promising 2D vdW
magnets, more comprehensive crystal growth studies are needed to
understand how crystal growth techniques, thermal profile, and pre-
cursor types ultimately influence the fundamental behavior of vdW
magnetic crystals. The current literature heavily relies on a half-a-cen-
tury-old crystal growth method, and while these techniques are well
established to produce these crystals, prior literature has given very lit-
tle attention to magnetic quantum phenomena in 2D. Thus, more
careful crystal growth studies are needed to pinpoint how defect den-
sity can be reduced, how crystalline quality can be improved, and how
magnetic impurities can be eliminated. Clearly, new crystal growth
techniques or recipes will be required to produce recently predicted
2D vdW magnets. This is a challenging task, especially for ternary and
quaternary systems wherein many different phases or compositions
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FIG. 6. Magnetic skyrmion lattice (SkX) phase in FGT. (a) Representative STXM image of skyrmion lattice stabilized over the whole FGT at B, = O0mT and T = 100K. Scale
bar = 2 um. (b) Experimental phase diagram of magnetic configurations as a function of temperature and magnetic field. From Park et al., arXiv:1907.01425 (2019). Licensed

under a Creative Commons Attribution (CC BY) license.'"®
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might energetically compete with each other to produce mixed-phase
crystals.

In the very big picture, these crystal growth methods and isola-
tion of mono- and few-layers of 2D magnets by exfoliation techniques
present added complexities in translating these fundamental results
from the laboratory setting to applications and, eventually, technology
development. To this end, large-scale growth methods will be required
in order to produce materials at wafer scales. This is a big ask for the
materials synthesis community when the number of theoretically pre-
dicted 2D magnetic crystals is still increasing on a daily basis. As such,
fast progress is needed to quickly identify the champion magnetic
materials and develop more focused synthesis techniques to produce
them at large scales (centimeter to 2-in. wafer). Here, the grand chal-
lenge will likely be in retaining their structural quality and defect pro-
files while increasing their lateral sizes. Nevertheless, general 2D
growth techniques specific to halide-, phosphosulfide-, or chalcogen-
based 2D vdW material systems will greatly benefit the 2D magnetism
community in the long run by offering the foundations of 2D growth
in these material systems.

Still, many questions emerge in the synthesis of atomically thin
large-area 2D magnetic layers: Can large-area synthesis produce 2D
sheets with environmental stability properties comparable to those in
bulk crystals? Can we eliminate large defect densities like those
observed in large-area 2D transition metal dichalcogenide systems?
Can we engineer defects, strain, or pressure in these 2D magnets dur-
ing synthesis by using a different choice of substrate, growth cooling
profiles, or introduced defects? Can these sheets be synthesized on

arbitrary substrates? Can we alloy 2D magnetic materials to unleash
exciting opportunities similar to those realized in traditional materials
alloying? These and many other overwhelming, but equally exciting
questions are awaiting the materials synthesis community, and only
brilliant work by researchers in the field will be capable of providing
solid answers.
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