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The discovery of materials has often ushered in an era of new paradigms that provide
insight into fundamental physics issues and enable the development of novel devices. Two-
dimensional magnetism, which is associated with strong intrinsic spin fluctuations, has long
been the focus of fundamental questions in condensed matter physics regarding our
understanding and control of new phases. Here we discuss novel magnetic van der Waals
materials: two-dimensional atomic crystals that contain magnetic elements and thus exhibit
intrinsic magnetic properties. These cleavable materials provide the ideal platform for
exploring magnetism in the two-dimensional limit, where new physical phenomena are
expected, and represent a substantial shift in our ability to control and investigate
nanoscale phases. We present the theoretical background and motivation for investigating
this class of crystals, describe the material landscape and the current experimental status of
measurement techniques as well as devices, and discuss promising future directions for the

study of magnetic van der Waals materials.

Magnetism in two dimensions has long been at the heart of numerous theoretical'~®,
experimental’~1? and technological advances’, such as the study of topology, the fluctuation-
driven generation of new phases and the electrical manipulation and detection of spin. A
particularly promising aspect of two-dimensional (2D) magnetism is the ability to rapidly
fabricate various 2D heterostructures with engineered levels of strain, chemistry, optical and
electrical properties'!=13, Just as graphene and transition-metal di-chalcogenides revolutionized
condensed matter and materials engineering, the introduction of a new class of 2D atomic

crystals, magnetic van der Waals (vdW) materials!!, is expected to open up a wide range of
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possibilities for applications and fundamental research!!-16. These materials offer a new means to
study 2D magnetism, where spin fluctuations are expected to be strongly enhanced!”!°. Indeed,
the wide flexibility of 2D atomic crystals with different elements and structures suggests
straightforward tuning of the magnetic anisotropy, which is crucial for reducing or strengthening

spin fluctuations and thus various forms of order>-10:17:19,20,

The field of magnetic 2D atomic crystals is advancing rapidly!!-'®, with numerous
demonstrations of new systems in which 2D magnetism is realized by using only scotch tape,
chemical vapour deposition or molecular beam epitaxy, as was first achieved in graphene. In just
the past two years, several notable examples of magnetic order have been observed in single
atomic layers of FePS;?122, Crl;23, Cr,Ge,Teg??, VSe,?* and MnSe,?. This review aims to
highlight some of the recent advances in this area and serve as a guide to some of the enormous
opportunities provided by the arrival of magnetic vdW materials (see Fig. 1). These opportunities
include the thorough examination of well established theories, such as the Ising transition?, the
Berezinskii—Kosterlitz—Thouless (BKT) transition of the XY model*® and the Mermin—Wagner
theorem®. They also include the control and manipulation of magnetic states through coupling to
external variables such as strain, light, gating, proximity and moir¢ patterns. In addition, further
exotic quantum phases are expected to be revealed in these materials and their heterostructures,
including the quantum Hall effect, quantum spin Hall effect, quantum spin liquids and

fractionalization of quasiparticles.

As an example, one can envision thorough experimental investigations of the widely used
Mermin—Wagner theorem, which is a rare example of an exact result in many-body systems. The
thoerem is often misunderstood to imply that any order in two dimensions is theoretically
excluded. Strictly speaking, however, such order is only ruled out for continuous rotational
symmetries and short-range interactions. This is mainly due to the enhanced fluctuations in two
dimensions, which make symmetry-breaking order unsustainable. However, by gapping the low-
energy modes through the introduction of anisotropy, order could be established by providing
stabilization of long-range correlations in two dimensions, which is similar to the presence of a
magnetically ordered state in the 2D Ising model?®?3. Given the ease with which anisotropy can
be introduced into magnetic systems (for example, via spin—orbit coupling or lattice distortions),
we expect to see many more 2D magnetic vdW materials hosting magnetically ordered phases.

Moreover, the presence of the intrinsically enhanced and potentially novel fluctuations can
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produce other types of order that may be useful for producing new types of superconductor! and

platforms for topological quantum computation.

Another interesting phenomenon observed in 2D magnetic vdW systems is the XY-type
interaction. Berezinskii, Kosterlitz and Thouless* demonstrated in their seminal works that a
new type of topological order can emerge that involves the creation of vortex—antivortex pairs.
These topological objects are defined by their winding number and can create an ordered state by
forming bound pairs of opposite winding numbers. A generalization of this idea is the skyrmion,
which is found in certain magnetic systems without inversion symmetry?S. Interestingly, order
can also be suppressed by further enhancing the degeneracy of the ground state and the
associated spin fluctuations. When these spin fluctuations become dominant, they can mediate
the formation of otherwise hidden quantum phases. The arrival of 2D magnetic vdW materials
opens up exciting opportunities for studying the emergence of such strong fluctuations and their
role in creating novel phases, as well as for understanding new phenomena in the 2D limit.
Moreover, because 2D materials do not require lattice matching, a wide range of material
combinations become possible (for example, moiré folding of the Brillouin zone!# or strain-
induced effective fields'?). Although the possibilities are endless, in this article we focus on those
that we expect will lead to the biggest potential payoffs in the near future in relation to new

physical phenomena and devices.

Material landscape

Most of the magnetic vdW materials are layered, cleavable transition-metal chalcogenides and
halides and typically have a layer of metal ions sandwiched between layers of chalcogens or
halides. As with other vdW materials, the easy cleaving and lack of dangling bonds allow the
creation of nearly perfect surfaces and interfaces, regardless of lattice matching (size or
symmetry), providing a vast range of possibilities for such heterosctructures'4?’. These systems
have diverse magnetic and electronic properties and include ferromagnetic semiconductors, such
as Cry(Si,Ge),Teg?®?° and MSe, (M = V, Mn)?423, itinerant ferromagnets (FMs), such as
Fe;GeTe,?, and insulating antiferromagnets (AFMs), such as MPX3 materials (M = transition
metal, X =S or Se)?!1:?231, There are also materials with strong bond-dependent interactions, such
as o-RuCl33233. The spin Hamiltonian and magneto-crystalline anisotropy vary widely from

material to material, and they can be tuned through chemical doping, strain or proximity effects.
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In the near future, we envision efforts focused on developing thin films via chemical vapour
deposition and molecular beam epitaxy?*?3, as well new materials with the super-exchange and
spin—orbit interactions and with a resulting anisotropy that can be tuned by doping of the non-

magnetic atom34.

Optical probes of magnetism

A key challenge is detecting the long-range order, domains and associated fluctuations. Standard
techniques (for example, superconducting quantum interference device (SQUID) magnetometry
and neutron scattering) used for bulk crystals, large area thin films and nanoparticles in solution
are unlikely to be successful in magnetic vdW materials, which have small volumes’. To
evaluate the utility of optical techniques, we consider the energy shifts in the band structure of
magnetically ordered materials (Fig. 2a). Specifically, the energy splitting of the spin-up and
spin-down states that are associated with the moment is proportional to the strength and sign of

the magnetic exchange as well as the magnetization. Assuming that spin—orbit coupling is

present, circularly polarized (&%) light will cause a transition from a particular spin state. This is
most easily detected by measuring the circular dichroism in the absorption or reflection, that is,
the magneto-circular dichroism (MCD)?3. Alternatively, one can use the fact that polarized light (
X,y) is a sum of circular polarizations with different phases, x/y =6" +i6~ . Thus, upon
transmission (Faraday effect) or reflection (Kerr effect), linearly polarized light will become
elliptical, with the change in the polarization angle being proportional to the magnetization
(assuming small angles and no magneto-elastic coupling-induced anisotropy). MCD is thus an
important complement to Kerr rotation and magnetization studies, as it is only sensitive to time-
reversal-symmetry breaking and generally immune to structural anisotropy. Nonetheless, we note
that for both Kerr and MCD the direction and size of the magnetization probed depends

sensitively on the wavelength, interference, film thickness and setup®-3¢.

Studies of Kerr rotation versus the applied magnetic field produced the first evidence of
order in thin layers of Cr,Ge,Tes?? and Crl;?° (see Fig. 2b). Although Crl; generally exhibited the
hysteresis expected from a ferromagnet, the bilayer system showed zero out-of-plane
magnetization up to a critical value of the magnetic field. This was interpreted as evidence for an
antiferromagnetic configuration between the layers. Although one could expect this to indicate a

change in the easy axis of the bilayer system, more recent MCD?37 and tunnelling3#-4° results have
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confirmed the initial interpretation. We anticipate that a number of more advanced optical
approaches will soon be employed. For example, as achieved in magnetic semiconductors®3-#!
spectroscopic MCD could measure the strength and sign of the exchange as well as the bands
relevant to the magnetic order (Fig. 2a). Furthermore, by applying an a.c. magnetic field, one can
measure the susceptibility®. This a.c.—Kerr technique, which was first applied to thin films, could
be used to measure the Néel temperature and provide insights into low-energy fluctuations,

moment size and magnetic frustration.

Alternatively, inelastic light scattering provides access to the energy, symmetry and
statistics of lattice, electronic and magnetic excitations in nanomaterials. These techniques rely
on the modulation of the optical constants by the fluctuations of some operator. The mixing of
such modulations with the optical field produces a response in the sum (anti-Stokes) or
difference (Stokes) frequency that results from the creation (annihilation) of an excitation. If the
operator is the lattice displacement, the fluctuations are phonons. Via spin—orbit coupling we can
also expect coupling to magnetic terms that allow the measurement of various magnetic
excitations, including fluctuations of the magnetic energy density (that is, quasi-elastic
scattering), acoustic and optical magnons, and spinons (fractional magnons expected in frustrated
systems). One example is the Raman scattering from Cr,Ge,Teg, shown in Fig. 2¢. Here a broad
background is seen for all temperatures above the Curie temperature (7.), which results from
thermal magnetic fluctuations®®, while magneto-elastic coupling splits the optical modes for

temperatures above T, owing to the presence of short-range order.

Raman spectroscopy also provided the first evidence for a long-range order in a single-
layer magnetic vdW material?!?2. Specifically, single-layer FePS; at high temperatures showed a
broad feature at low energies (see Fig. 2d). Upon cooling below the Néel temperature (7y), the
broad feature splits into four modes. This results from zone-folding due to the presence of the
zig-zag antiferromagnetic order, and the zone-boundary modes become Raman-active (that is,
they move to the zone centre)?!22, Raman spectroscopy also first revealed the strength of the
magnetic exchange in a magnetic vdW material via measurements of the two-magnon joint
density of states®3. For uncovering novel topology, Raman spectroscopy can also measure the
non-trivial statistics associated with fractional spin excitations*?. Lastly, Brillouin light scattering
has been employed in thin films and devices to image the spin injection of electrons and the

magnon chemical potential*3#4, Considering that Brillouin light scattering has been used to
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measure acoustic modes in graphene®, we anticipate that it will soon reveal the strength of the

exchange, anisotropy and spin-injection efficiency in magnetic vdW materials and devices.

Initial devices and electrical probes

The surprising AFM state of the Crl; bilayer?® was soon confirmed via tunnelling across
heterostructures of graphene(ite)/Crls/graphene/hBN (hexagonal boron nitride) (Fig. 3a)3%40.
Consistent with earlier studies of artificial multilayers#64’, tunnelling was suppressed in the AFM
configuration. Tuning the out-of-plane magnetic field produces a large and sudden increase in
tunnelling, with switching from an AFM to an FM configuration (see Fig. 3a). This can be
understood by considering Crl; as a perfect spin filter, such that in an FM configuration only
50% of the electrons at the Fermi surface of graphene can tunnel through it. Thus, in the AFM
configuration one would expect zero tunnelling, because the two spin species are filtered by
different layers. The actual degree of spin filtering will be less than 100%, leading to finite
resistance even in the AFM state. In thicker Crlj layers, tunnelling has been revealed to involve
additional steps for out-of-plane fields but a smooth evolution for in-plane fields. Thus,
tunnelling magnetoresistance (TMR) experiments have confirmed an AFM configuration
between layers, with the moment along the ¢ axis. Given the large TMR observed, these
studies’®40 have paved the way for the development of tunnelling-based memory, sensing and
spin-filtering devices. Magnetic vdW materials are also expected to produce novel optoelectronic
devices. Indeed, magnetic tuning of emission in heterostructures has already been observed!? and

predictions of electrical tuning of the Kerr effect have been reported*.

As in a wide variety of materials**-2, electric fields have been applied to manipulate the
ordered phase in magnetic vdW materials. Many studies of Crl; have used structures with hBN
spacers between the graphene layers and the Crls, with an additional graphene layer in direct
contact with the magnetic layer!”-37. This allowed probing the magnetism via MCD while either
the doping level or the electric field across the layer was tuned. As shown in Fig. 2, the MCD is
hysteretic and shows jumps with respect to an electric field applied across the layers.
Interestingly, similar effects have been observed with doping and have been attributed to
switching that results from reducing the critical magnetic field for the metamagnetic transition.
This suggests that the field across the layers results in doping across the device, such that the

induced carriers mediate an enhanced ferromagnetic exchange?®’, consistent with studies of non-
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vdW materials®3. Electrostatic gating has also been applied to tune 7 in the vdW ferromagnetic
semiconductors Cr,Ge,Tes*>3 and Fe;GeTe,?C. In the latter, the use of an ionic liquid produced a
T, above room temperature. As shown in Fig. 3¢, the dependence of the transition temperature on
the gate voltage was highly non-monotonic, suggesting that the doping moved the Fermi level
into a new band. However, because the Li ions were intercalated into Fe;GeTe,, disorder and
strain effects may also have played a part. We anticipate that spectroscopic probes will be
employed to uncover the origin of this enhancement, as well as comparison with the use of
chemical doping of the initial bulk crystal to further enhance and tune 7. This exciting
development also holds promise for electrical control of magnetism in functional devices. From a
fundamental perspective, we anticipate that electric fields and heterostructures applied to AFMs,
topologically ordered materials and potential spin-liquid magnetic vdW materials will reveal

novel superconducting states!.

New quantum phases and outlook

Going forward, we believe that there are four main directions to be pursued in the study and use
of magnetic vdW materials (see Table 1). The first is the discovery of new materials with
specific functionality—for example, the recent development of magnetic 2D vdW materials with
transition temperatures at or above room temperature?*2>, Pushing T, higher will be crucial for
real applications and will simultaneously provide a wider range of possible probes and ground
states, given the rather large exchange energies involved. One can envision further increase in 7
by optimizing two key parameters, the exchange interaction and the magnetic anisotropy, with
the latter being crucial for suppressing fluctuations that destroy long-range order>®. It will also be
very interesting to speculate what will lie ahead once we synthesize systems with quantum spins
or strong spin—orbit coupling—for example, materials with elements such as Cu®* or 4d/5d
transition metals. These should provide materials with strong fluctuations or fractional
excitations that can be exploited to potentially mediate novel unconventional superconductors in
2D materials and heterostructures. Key to these efforts will be the simultaneous enhancement of

the exchange interaction and tuning of the magnetic anisotropy!%-34.

The second direction involves using these new materials to deepen our understanding of
quantum materials. Specifically, numerous phases emerge when multiple physical effects

compete, and it is often difficult to tune a single parameter in a material without inadvertently
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affecting the others (for example, doping level and disorder). It is entirely conceivable to achieve
a detailed measurement of spin fluctuations for the four fundamental Hamiltonians—of the Ising,
XY, Heisenberg and Kitaev models—as a function of layer number and temperature, with any
combination of external variables of interest. Thus, one can study in detail the spatial and
temporal map of vortex—antivortex pair creation and annihilation for the XY model below and
above its BKT transition. It is also plausible to examine how these fluctuations vary in proximity
with other materials, such as substrates, capping layers and materials with their own order (for
example, superconductors or ferroelectrics). Other challenging, yet entirely possible, aims

include spin—valley coupling and the magnetic exciton.

The third direction is towards exploring these materials for implementation in novel
devices and applications. By building on the works summarized in ‘Initial devices and electrical
probes’, there is room for novel concepts, such as the synaptic memory effects found in CrPS,.
For successful implementation in real devices, it is of the utmost importance to understand and
exploit the control of the ground state via strain and gating. The fact that magnetic vdW
materials are intrinsically 2D makes them much more amenable to external stimuli. In addition,
heterostructures unachievable by other techniques (for example, twists or lattice-mismatched
materials) can be straightforwardly combined. Another important—and perhaps far-reaching, if
realized—application is the use of 2D magnetic vdW materials in spintronics'>!'8. The intrinsic
atomic limit of these materials renders them excellent platforms for future applications, such as

spin injection through half-metallicity.

Last, but not least, it is very exciting to speculate on how one can realize quantum and
topological phases using these materials. We note that most magnetic vdW materials form with
the magnetic elements in a honeycomb lattice. With strong spin—orbit coupling and two
neighbouring magnetic ions sharing an edge bond, we expect a Kitaev directional exchange
interaction. Therefore, many magnetic vdW materials are subject to the competition among the
Kitaev, Heisenberg and anisotropic exchange terms?®. This competition can in principle lead to
exotic quantum spin liquids, revealing fractionalized, magnetic Majorana fermions in real
materials>*?. There is also the potential to realize other topological phases and particles in
magnetic systems, such as the quantum spin Hall effect>® or skyrmions?®. Other interesting
opportunities include taking advantage of the intrinsically strong spin fluctuations to produce

unconventional superconductivity by doping, proximity or pressure.
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In the 2D limit, fluctuations, either quantum or classical, are typically very strong, which

suggests the possible presence of new quantum phases in some nearby corners of the material

parameter space. Clever implementation of heterostructures and perturbations should provide

access to these phases without falling into nearby, sometimes trivial, alternative states. In

essence, magnetic vdW materials offer us an entirely new opportunity to landscape quantum

phases.
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Fig. 1 | Physical phenomena that can be studied with magnetic vdW materials. 2D magnetic
vdW materials are an ideal platform for investigating how the Hamiltonians of the fundamental
magnetism models (the Ising, XY and Heisenberg models) behave on the 2D limit. In addition,
the magnetic ground states of these materials could be controlled by external perturbations, such

as gating and strain, or via proximity effects and moiré patterns. Because of the intrinsic
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properties of their honeycomb lattice, there is also a possibility of novel light-matter interactions

through valley coupling.

Fig. 2 | Optical probes of magnetism in two dimensions. a, Density of states for spin-up (o*)
and spin-down (o") electrons with possible optical transitions for left (red arrows) and right
(green arrows) circularly polarized light, respectively. The band is split by the magnetic
exchange (J.x) and the net magnetization (M), allowing one to measure the magnetization from
the resulting circular dichroism in the absorption or reflection and from the rotation of the light
polarization upon reflection (Kerr effect) or transmission (Faraday effect). b, Polar Kerr rotation
angle € versus a magnetic field H applied along the ¢ axis for single-layer (top) and bilayer
(bottom) Crl3%° (H, magnetic field strength; 14, magnetic constant). The single-layer hysteresis
loop is consistent with FM order, whereas the bilayer reveals a metamagnetic transition,
consistent with AFM order between layers. Figure adapted from ref. 20. ¢, d, Raman shift versus
temperature for Cr,Ge,Teg?® (¢) and single-layer FePS;?!, with the ordering (Néel) temperature
shown by the horizontal dashed line (d). Both reveal changes in the phonons due to magnetic
order; for example, degeneracy lifting in Cr,Ge,Teg (grey lines) and zone folding for FePS;. The

broad background in ¢ results from quasi-elastic scattering due to magnetic thermal fluctuations.

Fig. 3 | Electrical measurements and tuning of 2D magnetism. a, Tunnelling between
graphene layers spaced by Crlj as a function of applied magnetic field and sweep direction
(indicated by black and purple arrows). The device layout is shown in the inset and the magnetic
configuration is shown by the red and blue arrows. The sudden increase in conductance is
attributed to the enhanced net transmission that occurs when the two layers are aligned (bottom
schematic; adapted from ref. 39). b, MCD signal M of bilayer Crls, normalized by its saturation
value M,. The data were taken at 4 K with a magnetic field just above the critical value for the
metamagnetic transition. Upon applying an electric field, the sample is tuned back to the AFM
state3”. Figure adapted from ref. 37. ¢, The ferromagnetic transition temperature of Fe;GeTe,,
measured using the anomalous Hall effect. The critical temperature 7¢. (blue dots) is strongly

tuned using a gate voltage via an ionic liquid (see bottom schematic)?. Figure adapted from ref.
30.
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Table 1 | List of potential research topics in four categories for magnetic van der Waals materials

Research directions

Specific topics

New materials

Room-temperature ferromagnetic and antiferromagnetic materials
Multiferroic materials

Magnetic vdW materials with quantum spin

Magnetic vdW materials with 4d/5d elements and strong spin—orbit coupling
Unconventional superconductors

Fundamental issues

Evolution of magnetic fluctuations as a function of layer number: Ising, XY
and Heisenberg models

XY model: BKT transition, vortex—antivortex pair fluctuations

Effects of interface, including substrate and capping layer

Proximity with other quantum phases: s-, p- and d-wave superconductors,
ferroelectrics, FMs, AFMs

Spin—valley coupling

Magnetic excitons

Novel devices and
applications

Controllability via strain and gating
Heterostructures

Magnetic sensors

Terahertz magneto-optical devices
Multiferroics

Spintronics

Topological quantum computing

Quantum and
topological phases

Quantum spin liquids

Quantum critical phenomena induced by external variables
Unconventional superconductivity in two dimensions
Kitaev interaction, spin-liquid physics and fractionalization
Quantum spin Hall effect

Skyrmions

Landscaping quantum phases
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