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ABSTRACT: Magnetism in two-dimensional (2D) van de
Waals (vdW) materials has recently emerged as one of the
promising areas in condensed matter research, with m
exciting emerging properties and sigrant potential for
applications ranging from topological magnonics to low-po
spintronics, quantum computing, and optical communicatio
In the brief time after their discovery, 2D magnets hal
blossomed into a rich area for investigation, where fundame
concepts in magnetism are challenged by the behavior of s /
that can develop at the single layer limit. However, muabrie i

is still needed in multiple fronts before 2D magnets can be

routinely used for practical implementations. In this comprehensive review, prominent authors with expertis
complementary elds of 2D magnetismi.g, synthesis, device engineering, magneto-optics, imaging, transport, mecha
spin excitations, and theory and simulations) have joined together to provide a genome of current knowledge and a gu
for future developments in 2D magnetic materials research.

KEYWORDS:2D magnetic materials, van der Wag|an&gheto-opticabet, neutron scatterings&Eg magnetic genome,
atomistic spin dynamics

intense and extensive researoft®around the world  summarize their most criticaidings to date and to lay out
for the better of the past two decades, starting fromy,o important upcoming challenges.

the discovery of graphene and then rapidly expanding to a his review article is divided into the following sections

enormous variety of materials and properties. One of the most

exciting recent developments in 2D materials has been thee Historical perspective: An overview of low-dimensio

discovery of intrinsic long-range magnetic order in atomically ~ materials, models of how magnetic moments inter

thin layers. IrFigure 1 we provide a timeline of the major and summary of key recent discoveries and deve

discoveries in 2D magnets over the past few years. In a fairly ments in 2D magnets.

short period of time, there have been signt advances in

our knowledge of magnetic 2D materials, detailed character=—

ization of magnetic states, and progress toward magnetic aitpeived: October 15, 2021

spintronic devices with exceptional performance. Accepted: February 23, 2022
The purpose of this review is to assemble a thoroughuPlished: April 20, 2022

genome of all aspects of 2D magnetic van der Waals (vdW)

materials, and to provide a guideline for future directions.

Throughout this work, we have drawn on the expertise of

Two—dimensional (2D) materials have been the focus aghany key researchers in this exciting emergidg to
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Flgure 1. Timeline of developments in 2D magnets. Since early 2016, a few results on monolayer phosphidésSMiXMn, Ni, Cd; X

=S, Se)? and CrSiTg® appeared in the literature, with results on electron tunneling in Mn&lSo being reported.The conclusive
measurements in 2017 of magnetism on,Cand CrGe,Te,® sparked an increasing interest in several subjects involving magnetism in 2D.
Results on spinlattice coupling collected from Cr¢lalso prowded dierent mechanisms involving vibrations and spins in 2D. In 2018,
the electric control of magnetisfh}? giant magnetoresistant&,*® and a potential 2D magnet.¢, VSg) displaying room-temperature
magnetlsrh 9 attracted substantlal interest in the community. In 2019, experimental evidence of stacking-dependent magnetic
properties’®*! pressure eects?>?® and giant second-harmonic generation (Slgf(})rove the eld toward |ntr|gumg magnetic properties.

In 2020, spin-texturés 2’ such as skyrmions, spirals, and spin-wavieslicate that topologically nontrivial spins are a reality on 2D
magnets. In 2021, a few reports on twisted magnetic |&y&tspgether with the hybrid character of narrow domain-waks Crl,, raised
possibilities for the angular control of magnetic features and domain-wall based applicatioracétrack). All images adapted from the
references cited above with permission as follows. Panels from (2016) reprinted with permission fB@mcogfyright 2016 American
Chemical Society; ref, copyright 2016 Royal Society of Chemistry; Te€opyright 2016 American Chemical Society; andiyeiopyright
2016 AIP Publishing and reprinted with permission under a Creative Commons Attribution (CC BY) license. Panels from (2017) reprinted
with permission from reb, copyright 2017 Springer Nature; réf copyright 2017 Springer Nature; and r&fcopyright 2017 American
Physical Society. Panels from (2018) reprinted with permission fror, redpyright 2018 Springer Nature; réf copyright 2018 Springer
Nature; ref13, copyright 2018 AAAS; with permission under a Creative Commons CC by 4.0 license frospagpyright 2018 Springer
Nature; and refl7, copyright 2018 American Chemical Society. Panels from (2019) reprinted with permission frégnaepyright 2019
Springer Nature; re3, copyright 2019 Springer Nature; r2, copyright 2019 AAAS; refl, copyright 2019 AAAS; and rg#, copyright
2019 Springer Nature. Panels from (2020) reprinted with permission frorigetopyright 2020 American Chemical Society; and2gf
copyright 2020 Springer Nature. Panels from (2021) reprinted with permission frori9efopyright 2021 Springer Nature; rép,
copyright 2021 Springer Nature; and 1&f, copyright 2021 John Wiley and Sons.
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Device engineering: The main types of magnetic devicesngle chains or layers, in addition liers and thin layers
e.g.magnetic tunnel junctions (MTJs), magnetoresistanf Ims) of varying but nite thicknesses. A multitude of
lateral transport devices, and spin waves in tunnellinghysical phenomena, notably in solid-state physics, fall into the
devices. category of a lod-system. The study of such systems
Magneto-optical phenomena: Characterization angubstantially advanced our fundamental knowledge of physics,
study of 2D magnets by several magneto-opticdiut also led to relevant technological applications. No matter
spectroscopy methods including Keecg circular  how widely dierent the many lodphysical systems may
dichroism, magneto-photoluminescence (PL), and magppear at rst glance, there are several similarities and
neto-Raman spectroscopy which can reveal spin-phonoharacteristics that they all share, which are inherent to their
e ects. reduced dimensionality. It is for this very reason that one may
Magnetic imaging: Magnetic force microscopy (MFM),consider lowd-physics as a recognizalglel of science on its
nitrogen-vacancy center magnetometry (NV-centerpwn right. Within this largeeld, the sub-branch of low-
nanosuperconducting quantum interference devic@agnetism played a quite important role from the outset. For
(nanoSQUID), spin-polarized scanning transmissioexample, theoretical work on magnetic chains and layers
microscopy (SP-STM), and Lorentz transmissiorstarted as early as the twenties with the Ising’Challowed
electron microscopy (Lorentz TEM or LTEM) are by studies of 8-Ising magnets in the 1930s and 1840s.
used to image magnetic domain features in 2D magnetystematic experimental studies on quadgl loagnetic
Magnetic and electrical transport characterizatiorsystems started in the 1940s and 1950s, but ultrathin magnetic
Magnetic critical behavior, magnetocalogctemag- Ims composed of just a few monolayers were studied in more
netism in bulk and thin-layer vdW magnets efaiit recent past. These systems should be contrasted with the
electronic propertiesi.€, insulator, metallic, semi- magnetic Ims used in thintm technology, which have
conductor)viadi erent techniques. thicknesses ranging froni «01¢* atomic layers.

The role of defects and vacancies: Muon spin rotation Perhaps, one of the most important contributions af low-

( SR) methods are used to investigate microscopimagnetism to fundamental physics is in the subject of phase
magnetic properties in the presence of defects. transitions and critical @homena. The way in which
Spintronics from fundamentals to devices: Basi€ooperative phenomena areuenced by the crystal
magnetic properties of typical 2D magnets are describedimensionality, the symmetry of the interactions in the
followed by spintronic implementations and memor»Hamlltonlan, or the quantum-mechanical nature of the spin,
devices. led to such important concepts such as scaling, universality
Magnetic-topological phases: Topological materials af¢fSSes (models having the same set of critical exponents), and
transition-metal-based kagome lattice family of materidfa€ renormalization grotipThis general theory of critical
exhibit ferromagnetism and anomalous magnetizatigf'énomena based upon the principles of quaetdrtheory

e ects. led to the Nobel prize granted to K. G. Wilson and is
Synthesis and sample preparation: Methods of preparifignsidered as a great advance in mathematical Hiffsise

samples of 2D magnets by top-down and bottom-uH nsitions are a very common phenomena that have a wide
methods. range of applicability, which explains the past interest in the

tudy of lowd magnets. Most physical problems involving

Mechanical properties and strain engineering: Descri . .
tion of mechanical properties 2D magnets, along wit teracting elements that form a spatial array can be mapped

theoretical predictions, and how strain can inducdn© @ magnetic language by describing the problem within a
further magnetic properties. pseudospin formalisnme.§. structural or electric phase

Spin excitations, topological properties: Measurement H]aAF\ISItLﬁnS). . ¢ ina fromd tism i
collective excitations of electron spin states by neutrg notner u_mfymg concept émerging fromaoragnetismis
scattering, inelastic electron tunneling spectroscopy, a t of nonlinear excitations or domain walls such as solitons

Raman spectroscopy. or kinks; excitations that can either be static (and topological)

Heterostructures, twisted layers, and interfaces: Stackifigdynamic. These occur when the ground state of the system
di erent 2D magnets together, generating exotids degenerate, as is the case for an Ising ferromagnet where the

quantum phases, and how to integrate 2D magne?spin'uD and -down ground states are distinct but have the same
into broader deviée architectures €nergy. Here, lodvmagnets provided some of the simplest
Theory and simulations: Description of the underlin experimental systems to study these physical phenomena

theory. computatonal method and spin models g ver 1080 PPICADINY. For e, the sbscnce of
investigate 2D magnetic materials. 9 g 9 9 g

Perspectives and a forward-looking approachnihe chain becomes immediately clear when one realizes that this
PECUVES . 9 app system is unstable with respect to thermal excitations such as
key section is an overview of the major challenges aig, < \vhich are anextive means of destroying long-range
?epspeoar:lcjﬁIg?rZCL?oggetoeLgcﬁgiangat‘:]ewceon?iarl]n fZ)\(,\'/)eg[arcorreIations. Fod 2 the analogue of the kink in Ising
9 y §ystems is the boundary around a droplet created, for example,
by a fraction of up spins in a background sea of down spins. In

HISTORICAL PERSPECTIVE summary, low-magnetism has been characterized by a long-
Since the 1970s, low-dimensional @pphysics has grown standing, strong interaction between theory and experiments,
and matured into a major branch of science. In general, ométh both developing in parallel but with a continuous cross
can dene a system with restricted dimensiondlig an fertilization.

object that is imite only in one or two spatial directiots ( Historical Models of Interacting Magnetic Moments.

1 and 2). Such a dation comprises, for example, isolated The Ising ModelThe Ising model corresponds to an ideal

6962 https://doi.org/10.1021/acsnano.1c09150
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a 2 b 2 C z
x y X y % y
n=1 n=2 n=3
(1D-Ising) (2D-XY) (3D-Heisenberg)

Figure 2. Role of spin dimensionalityon the 3D-axis. (ap = 1; 1D Ising type, where spins point in either up or down along a given
direction (e.g.easy axis). (b = 2; 2D XY type, where spins are constrained to a given plane (easy-plane anisotropy) without any restriction
on which plane é.g. XY, XZ, YZ). (c)n = 3; 3D isotropic Heisenberg type, where spins have no constraints on the direction assuming any
position along the 3D sphere.

lattice of identical magnetic moments positioned at all latticesld direction. In the case of a three-sublattice antiferromag-
sites. For each elementary moment, or spin, only two states ae#, the external magnetield does not interfere with the
possible (spitup’ and“dowr?). The lattice siteis associated freedom of spin rotation inherent to the ground state. The
with a variable, whose two valuesl corresponding to both  simplest excitations of a planar magnet, as described through
spin orientations. The Hamiltonian: the XY model, are spin-waves with a gapless spectrum,
. - - according to the Goldstone theorem. The static aspect of the
H{}=S s r),Sh Goldstone theorem implies an enhancement of the spin
rr ' @ uctuations at long wavelength, and this enhancement is
is attributed to axed conguration of spins . Usually, only ~ Precisely the starting point in the proof of the Landau-Peierls
the nearest-neighbor interaction is considerdd) er0 for ~ theorem"*® stating that there is no long-range orderdn 2-
allr g, where th@’s are the basic vectors of a lattice. This isSystems having a continuous symmetry. As discussed below, a
the simplest model for a highly anisotropic magnet(ffhe  rigorous proof for this theorem was given by Hohénbarg
are the exchange integralslaisdthe magneticeld (in units ~ superuids which have the same symmetry as a planar magnet,
of g ). In the simplest scenario, the nonzero quarfifes ~ and by Mermin and Wagfiéfor Heisenberg magnets. These
are assumed to be independent of the directioRaf = 0, proofs are based on the thermodynamic inequalities proposed
the Hamiltonian is invariant with respect to a change in they Bogolyubot/:
sign of the spins. This transformation together with its The Heisenberg Modéh the subsequent text, the symbol
identical one forms the symmetry gidifor the Ising model.  “d” is used for the dimensionality of the magnetic ldlttick,
The Ising model was proposed by Eénaut Ising® 2, 3, corresponding to magnetic chains, magnetic layers, and
presented the exact calculation of the partition function fdhree-dimensional (3D) arrays of magnetic moments,
the 1 dcase. A great success was achieved by Ghsagerespectively. These three classes of magnetic systems may be
who calculated the partition function for the 2l case. further subdivided according to the type of magnetic
Onsager demonstrated the existence of the second-order phageractions assumed to exist between the spins. If one restricts
transition, and this stimulated intense subsequent theoreticaleself only to interactions between nearest neighbors, one can
and experimental investigations on critical phenomena.  write a generalized Heisenberg Hamiltonian that captures the
The XY ModelMagnets with an easy plane of magneticessence of the several other historical models discussed below:
anisotropy can be described by the XY model which
corre_sponds_ to a lattice of cl_assmal spins rotating in a planeH = §2 J& Bt y‘]iﬁyS , i) S Dé S
and interacting with each othé&the Hamiltonian: i<j i 3)

H=S JScos( ()S () where thek are the exchange couplings betweerSspius
nr (@) on neighboring sites (with either Fid,J> 0, or AFJ< 0,
The spins arexed with respect to their angles of rotation order), whileJ, andD can, for a @system, be considered as
(). Their valueSis assumed to be constant. The summatiorthe “on-sit¢ and the “inter-sit¢ magnetic anisotropies,
in eq 2proceeds over the nearest-neighbor sites of theJatticeespectively. In addition, depending on the numbr
is the exchange constant. The ground state is BM €oon componentsx y, z) of the individual spins that are being
an arbitrary lattice. In the opposite das8, the ground state  considered, one has a one, two, or three component spin
is antiferromagnetic (AF) if the lattice can be decomposed ingystemn is the spin-dimensionalit{Figure ¥, not to be
two sublattices with the nearest-neighbor spins belonging ¢onfused with the lattice-dimensiondlifyor a givem(>1),
each sub-lattice. In the case of the triangular lattickswdth and forD = 0, one may in addition vary the number of
the ground state consists of three sublattices with the spinsiteracting spin components by considerirgyatit combi-
the di erent sublattices tilted at angles 2. An external ~ nations ofl, J, andJ, as illustrated iffable 1
magneticeld xes the orientation of the spins in ferromagnets This Hamiltonian can be further generalized by adding
and in antiferromagnets with two sublattices. In the lagerms that describe exchange couplings with second, third, and
scenario, the spins are directed almost perpendicularly to tm@re neighbors. The spin itself can also be varied by including
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Table 1. Classtcation of model systems based on single- Table 4. Comparison among the theoretical values for the

neighbor Heisenberg Hamiltonian including inter-site critical exponents, , , ,and according to the dierent
magnetic anisotrogy models
Spin dimensionality Interactions Model Critical Mean al = 5 d=2
exponents field = 1l =22 n=3 = il
n=3 Jo=T, =T, Isotropic Heisenberg o 0 1/8 0 ~ —(0.08 0
8L+ 8 +87 =S(S+1) Sy =y L. =0 XY A 1/2 | 03265 0348 0.369 1/8
Jo=Jy =01, #0 e ~ 1 1.237 1,318 1.396 7/4
Jo FE I, # J, Anisotropic Heisenberg 5 3 4.789 4787 4783 15
o L=, —_ v 1/2 0.63 0.672 0.711 1
Je=0,J,#0 Planar Ising
n=1 J.#0 Ising derived (se@&lagnetic Critical Behavisection for additional
= Sl discussiony*54 /4849

“Adapted with permission from 4&f Copyright 1990 Springer. — ]
Table 5. Critical temperaturé, for the di erent model8

guantum mechanical operato&=( 1/2, 1, 3/2, etc) or Model i
classical spinS€ ). Mean field S(S +1)2J( + (21 /(2J1))/J)/3kp ref.?
Table 2 below conveys how past theoretical and 5 a=3 P O ™
. ; S o = . 5 T
experimental investigations on phase transitions revealed h == Tan + C LI vef.
=8 C|J|/ In([J/JL]) refs. 849
Table 2. Either the absence (X) or the presence (checkmark d=2
symbol) of a phase-transition towards conventional long- =1 2J/[kg In(1 + v2)] 1ef.™
range order at nite temperatures in model Hamiltonighs AwhereC is a numerical coeient,Sis the spin on each site, and
Model = = =3 andz_are the intra- and interlayer coordination numbers. Assuming
Ising X 7 7 in the 3D case a layered structure \itd 1, whereJand] are
XY X Xv v the intralayer and the interlayer exchange couplings, respectively. In
Heisenberg X X v the case of the 2D Ising mod#(2,n = 1), the reported expression

3The simultaneous presence of both symbols indtk¥ 2nodel refers to a square lattice.

indicates the presence of quasi-long-range order characterized by a

correlation function that falls @s power law below = Tr. Magnetic Critical Behavior. Critical Exponents and
Adapted with permission from 4éf Copyright 1990 Springer. Magnetic Equation of Statd/Ve start with descriptions of
several standard critical exponents, and we sketch the
the lattice-dimensionality and the spin-dimensionality ~ phenomenological scaling theory of critical beRavibr.
in uence the critical behavior of many-body systems. Let us consider a ferromagnet in equilibrium at température
For systems displaying long-range order, rakea(MF) and in uniform magneticeld H. We use the reduced
theory becomes inadequate around the critical point; it canntdmperature variable= (T T/ T, whereT. is the critical
accurately describe the critical behavior, or the singularitiggnperature. We are interested in properties @swithH =
occurring in the thermodynamic functions at the criticaD. Near phase transition, magnetic systems are characterized by
temperaturd@ . The body of past experimental and theoreticapower law behavior sciently close to the critical point.
studies established that in most cases the critical behavior Ggecic heatC,, the spontaneous magnetizalignand the
thermodynamic functiof(t) follows a power law in the jnverse initial magnetic susceptibilifi} as well as the

reduced temperaturevhere =1 TJ/TforT>T.andt=1 ; ;
T/ T.for T < T. The critical exponents appearing in thosecorrelatlon length can be described IG(T) (),

S1 1
power laws are deed as iffable 3 M{T) (), (M) ,M HY, and , where
The value of the critical exponents numerically extracted(T ~ To/ Tcis the reduced temperatdfénother exponent
from the dierent models is displayedTimble 4 describes the spatial decay of the correlation function at

These critical exponents follow scaling relations sueh as criticality (r) — r *? , whered denotes the spatial
2 + =2,0or = ( 1),0or2 + =d,implyingthatonly dimensionality of the systéinAs described above, the
two of the exponents are independent, so that from thexponents, , , , , and are called critical exponents.
knowledge of two arbitrary indices, all the others can bEhe phenomenological scaling theory_pred|cts that the critical
exponents are connected by the scaling lawas + =2

Table 3. Denition of the critical exponents associated to (2Rushbrooke), =(2 ) (Fisher), = (1) (Widom),

speci ¢ thermodynamic or physical variatiles = ds(gcl)sephsqn), and= = + ( isthegap
exponenty> ®* The existence of long-range magnetic order at
Spzlils el g“%"f“ ;* ?f nite temperature in 2D vdW magnets heavily depends on the
MEEREtiE e U Cep ity XiT,y T: 77 spin dimens_ionality(n =1, uniaxial or Ising spims_,: 2, XY
x o T TP T or planar spingt= 3, ordinary or Heisenberg spkigure 2
Spontaneous magnetization MocT? W=y and on the strength of magnetic anisotropy. The long-range
M(To) = | B> magnetic order in ideal Heisenberg 2D magnetic system is
Solerereetiengein Cleclifl prevented by thermalictuations based on Mermin-Wagner
theorent® The presence of strong uniaxial anisotropy of 2D
ZAdapted with permission from 4&f Copyright 1990 Springer. Ising type withn = 1 can open a gap in the spin-wave
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spectrum, thus suppressing theeeof thermaluctuations? unaltered by increasing number of iterations. Suginge
Whenn = 2 with an easy-plane anisotropy, a quasi-long-rangeocess converges very rapidly from a proper initial model and
topological magnetic order could be established below tlygelds the accurate exponent valaesl . Another exponent
BerezinskiiKosterlitz Thouless transitionT(y) that is can be determined from the critical isotherm anaWysis (
characterized by an algebraic decay of spin correlations &t at T = T) and the Widom scaling relatios 1 + / .
by the presence of bound pairs of vortex and antivortex Absence of Magnetic Order in 2D: The Hohenberg,
arrangement of spitis®® Critical exponents for dirent Mermin, and Wagner Theorem.Hohenberg published over
theoretical models in 2D and 3D are list&thirle 413626566 50 years ago a rigorous proof for the nonexistence of long-
Besides a number of relations between critical exponentange order in a 2D supeid or superconductor ahite
scaling nds spect predictions on the magnetic equation of temperature¥. This proof was quickly extended by Mermin
state:M(H, ) = f.(H/ *). By using the scaled magnet- and Wagner to the Heisenberg Hamiltonian, in one and two
izationm M(H, ) and eldh (*)H, the magnetic  dimensions for a Heisenberg ferromagnet (or antiferromagnet)
equation of state takes the familiar faraf, (h), wheref, for with SU(2) symmetry, or a magnetic system with U(1)
T >T.andf forT < T, respectively, are the regular functionssymmetry and an order parameter perpendicular to the
This relates, H, andT, and it also implies that for the true symmetry axi§.Soon thereafter, Mermin would prove the
scaling relations and for the right choice gfand values,  absence of translational long-range order in a two-dimensional
scaledn andh will fall on universal curves abbyand below  (2D) crystal, whether in quantum or classical mechanics.
T, respectively. Another commonly used form of the magnetievertheless, after the work by Berezifigkisterlitz and
equation of state id/M = k( /HY ), wherek(x) is the Thoules$?*’*and Nelson and Kosterlitave now know that
scaling function. The scaled critical isothéviidsY versus  in two dimensions there will be a sharp transition temperature
H YC) ) will collapse into a single curve, and tigelocated at a certaifyy, where foill > Ty the associated correlation

at the zero point of the horizontal axis. function will fall o exponentially with the distance. Fot
Modi ed Arrott Plot, Kouvel Fisher Plot, and Critical Tkt the correlation function is expected to fathoa power
Isotherm. In the modied Arrot plotMY  versugH/ M)Y law, leading to what is commonly called as quasi-long-range
based on the ArroNoaks equation of stafe order, with an exponent 3. In contrast, for the Heisenberg
U / model, the order-parameter correlation function decays
(H/MY =a+ bM exponentially with the distance at any nonzero temperature,

the M(H, T) data taken in the critical region should fall on aand theref%%-:- there would be no phase transitionstet

set of parallel straight-line isotherms with the ofie=af, temperatures. Nevertheless, the Hohenberg, Mermin, anq
passing through origin for a proper choice of the exponents’/agner (HMW) theorem sheds no light on whether guasi-
and . Values = 0.5 and = 1.0 describe the Arrot plot in the long-range order can exist in any particular system. Hohenberg
mean-eld approximaticii. Critical temperature can be did note however that his theorem concerning the absence of
determined accurately since the isotherrl, atill pass 'O“Q'Fange order for a 2D §upmi or.superconductor Wo_uld
through the origin. Moreover, this plot directly gi§é$T) remain unaected by the.mtroducuon of Iong—rqnge inter-

) ' ) = actions between the particles. In contrast, as discussed in ref
andM(T) as the intercepts on th& M axis and positive? 76, the absence of long-range order in the Heisenberg
axis, respectively. It is also applicable to estimate the ordeff@fomagnet depends on the range of the interactions.
magnetic transition through the slope of the straight line basg@sumingl(r) to be the coupling constant between pairs of
on Banerjee criterior’’ First- (second-) order phase spins separated by a certain distarmee can thus dee a

transition corresponds to a negative (positive) slope. second magnetic moments as
Once M(T) and 031(T) have been obtained by the
modi ed Arrott plot, critical exponents , andT, can be K rrdn
determined by the Kouvélisher analytical method with ' )
relatively high accurad§T) = M{T)/[ dM{(T)/ dT] = (T where and denote both planar spatial directions. The

Ty andX(T) = JYT/[d ¢ ¥ dl1< TS)f ©  absence of long-range magnetic order, as given by the
The plots ofY(T) and X(T) againsfT are straight lines with ~Mermin Wagner theorem, would require that the values of
slopes 1/ and 1/, respectively. The most important K remain nite. However, if the spins are allowed to rotate
advantage of the KouvEisher plot is that no prior @round an axis symmetry, one woulcheléwo coupling
knowledge of, is needed, as the intercept on Thaxis is ~ constantsJ(r) and J (r) for spin components parallel and
atT, BothY(T) versus &ndX(T) versus Plots should yield  Perpendicular to such axis of symmetry. Then, Mermin
the same value dof, which can be used for a precise Wagner would rule out long-range magnetic order for the spin
determination of the exponents. components perpendicular to this axis of symmetry, provided
An iterative method can be used to obtain the most accurai@at the second momentsJoremain nite. Such condition is
values of, , andT,’* The linear extrapolation from the high Not required fod . For FM interactions decaying as(n <
eld region to the intercepts with the &s and H/ M)V 4), K would diverge implying that long-range FM order

in the modied Arrott plot yields reliable valuegfT) and should be p@ssible in two Qim_ensions, at small, but nonzero
051(1-)_ A set of and can be obtained by using the temperatures. However, it is important to state that the

| Eish viical hod. Th | f th HMW theorem is unable to clarify the existence, or
Kouvel Fisher analytical method. The values of thesegneyistence, of long-range order in a quantum mechanical
exponents are then used to reconstruct the edodirrott

' system in the limiT = 0 K. Yet, according to Halpefin,
plot. Intercepts on the axes lead to an additional idgTof nonrigorous arguments similar to those invokechit

and $Y(T) from which and values are derived. This temperatures suggest that in many circumstances, long-range
iteration procedure is continued untdnd are stable and order would also be impossibld at 0 K. In fact, in ref6,
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Halperin provides a generalization of the HMW argument to Enhancing the Magnetic Ordering Temperature in

rigorously rule out the possibility of ferromagnetism atk Two Dimensions. E orts to achieve room-temperature

for any 2D electron model that excludes sphit coupling  ferromagnetism in some of these ultrathin layered magnets

or magnetic dipole interactions. are currently being pursued. In semiconducting magnets,
Discovery of Magnetism in Exfoliated Monolayers. strong charge dopirgionic liquid gating has been shown to

Therefore, it is in the context of the HMW that one shoulddrastically increase the Curie temperature,GeCTe; from

place the discovery of ferromagnetism in exfoliated monolay6fsK to nearly 200 ¥.In metallic systems such ag3ede

of both Crt> and CsGeTes through the magneto-optical (FGT), where electric gating is lesscient,” alternative
Kerr e ect (MOKE). For CgJj, the Curie temperature is found methods to increase the ordering temperature have been
to decrease down to 41 K in the monolayer limit with respedecently reported, such as changing the Fe stoichiometry in the
to its bulk value of 61 K, which is a rather modest’T in lattice?"® by cobalt codopifigor by bringing it in proximity
Cr,GeTe;, is found to decrease fron65 K in the bulk to  to a topological insulatorin stoichiometry tuning studies,
approximately 30 K in bilaytaterestingly, the nature of the the composition is varied from@&eTe (x 3 5), whereby

FM order in Cr} is highly sensitive to the number of layers inthe T, increases with Fe content, up to 310°KA partial

the system. In a bilayer, the remnant magnetization presentSibstitution with Co-atoms (up to 26%) has been found to
a single layer is suppressed and is consistent with each Idy&iher increase tfigto 328 K, while a further increase in Co-
having oppositely oriented spins or with the material becomi§tpPing induces a concomitant structural and magnetic phase
an antiferromagnet. From a theoretical perspective, thelé@nsition to an AF ground stétés for theT. enhancement
results imply that these compounds cannot be described by & Proximity eect, an substantial improvement has been
isotropic Heisenberg Hamiltonian but are subjected t&chieved in FGT/BTe; heterostructures, where a th_|ckness
magneto-crystalline anisotropy which in the casgGw T dependent increase of fheup to 380 K (for FGT having a

is claimed to increase considerably upon the application of dlickness of 4 nm) was reportédihese intriguing results are
external magneticeld. In the Cr case, it displays a not fully understood, especially whethects such as strain

substantial remnant magnetization in the absence of % doping at the _]!:GJ/EFeB intgzrface _[t))layda rolehin this
magnetic eld which is directed perpendicular to the plangfPServation, or it this can be attributed to the exotic

of the lattice. Therefore, this magnetic system would be Wéqqpological character of B, .
described by the 2D Ising model. In another recent study, an anomalous enhancenfgim of

2D Magnets: Recent Progress and Current Chal- Cr,Te; akes was found as the thickness of e is

lenges. Pioneering work establishing intrinsic ferroma netisrﬂggrrleazﬁdogferp 218 t;:-izft}?fga:)/:?g d”':oa(q;cgp(')l'zg Z;’:Z to
in two-dimensions has been performed on monolaygr Crl y 9 P :

77 ) 6 1 di ; attributed to doping and reconstruction at the surface of
FeGeTe, anda_lfew layer {3e,Te;,” which are conS|der_ed r,Te; leading to a slightly @rent stoichiometry and
now as prototypical 2D magnets. More recently, expenmenlﬁ{

studies on monolayer Cirand CrGJ® and in few- erlayer distance. On another front, magnetic impurity

ayer ; . . K
A doping and defect-induced magnetism of otherwise non-
VsSg, CrTe, and Cjle; have also been reporféoﬁ,y .magnetic transition-metal dichalcogenides (TMDs) is being

Whereas in the bulk and few-layer regime the Curlﬁttempted. Whereas defect-induced magnetism found, in PtSe
temperature$, approach room-temperature, in some of the” 5, 8192 ey its in a very low Curie temperature, transition-

systems such as i;GeTe’’ and CrTg®" this ordering is o -
substantially suppressed in the strictly 2D limit, i.e., in thgetal doping is found to boost tfig as high as room

' . : perature, as reported in V-doped,\W®eaolayers grown
monolayer regime. For instance, exfoliated monolayers tﬂ}n

; N a powder vaporization metfid¢éh another experimental
CrBr, Crl, and FeGeTe display, through magnetization g4y room-temperature ferromagnetism was found i MoTe
measurementd,. values of 25 K 45 K> and 130 K,

, i " doped with a nonmagnetic elemées, Ta’* This set of
respectively, whereas monolayers of; CrBnd CrC} results coming from monolayers and nanosheets synthesized

prepared by molecular beam epitaxy (MBE) displelues  5nq doped through chemical vapor methods are quite
of 16 and 13 K, respectl\_/éEIyIn contrast, few-layer intriguing and merit more experimental investigations. In this
Cr,Ge,Tes and \(Se are nearly ideal Heisenberg ferromagnetsegard, it is also worth mentioning early works on room-
W|th.Tc,.SGt7)§|OW 60 K, but W|th Weak FM Orde”ng n the trulytemperature ferromagnetism in mono'ayer 131_8\/83(1
2D limit.” o o MnSe'’, which could not be reproduced by other groups.
The magnetic interactions in bilayer; @rid Cr_BgOhave Such systems have remained controversial as they relied mainly
been found to be highly dependent on the stacking’@dér  on volumetric magnetometry measurements of monolayers on
can be tuned between antiferromagnetic (AF) and ferromaggrge-volume substrates.
netic (FM) with magnetic or electrield$® andviaapplied This urgent need for a room-temperature 2D magnet has
mechanical presstfé’ There is currently a rich palette of 2D recently caught the attention of many theoretical groups, from
magnetic materials ranging from Ising, Heisenberg to X¥hich a large number of high2D magnetic materials has
behavior, and with a diversity of exchange interactionseen predictett. For the sake of briefness, we are going to
(itinerant, double-, or superexchalGéj® which allow to  highlight only a couple of structural material families: (i) Janus
tailor their magnetic properties on demand. There is no doulionolayers of TMDs (MXY compounds, M: Cr, V, Mn and X,
that this enormous progress is of great fundamental interegt, Se, Te, $§°” and (ii) Cr-based IV semiconducting
but the applications based upon 2D magnets remain limitégyered compounds (CrP, CrAShoth of which have certain
due to two main current constraints: (i) the magnetic orderingompounds in their structural families that reach well beyond
temperature remains well below 300 K and (ii) the lack ofoom-temperature, at least framinitiocalculations. As for
synthesis methods that are scalable and produce homogenehasTMD Janus systems, VV8e®d VSeT&°’ are the ones
magnetic monolayers over large areas by bottom-up methoalsaining & . above room temperature, with values of 420 K
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Figure 3. Routes toward room-temperature FM ordering in 2D layered materials by (a) electrostatic gating, (b) tuning dimensionality, and
(c) proximity e ect. Representative experimental examples include: (a) ionic liquid gating@®e;, achieving a dramatic increase from

60K to 180 K in the ordering temperature. Adapted with permission fronB8efCopyright 2020 Springer Nature. (b) Substantlal
enhancement in Gfe; akes as the thickness is reduced, measured by anomalous Eetl Adapted with permission from ré&b.
Copyright 2020 American Chemical Society. (c) Persistent magnetic signals up to 380 K in 4 nm-fdeR é-anterfaced with the
topological insulator BiTe;. Adapted with permission from ré0. Copyright 2020 American Chemical Society.
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Figure 4. Theoretical calculations for the Curie temperature in TMD Janus systems. (a) Diagram of the VSeTe crystal structure in top-down
and cross-sectional views. (b) Temperature-dependent magnetic moment and seeatiof VSeTe, obtaineds Monte Carlo simulations

in a nearest-neighbor Heisenberg exchange model. Panels (a) and (b) reprinted with permission &orcogfyright 2009 Royal Society

of Chemistry. (c) Curie temperatures of V-, Cr- and Mn-based Janus TMDs, highlighting VSSe and VSeTe as the candidates With highest
Adapted with permission from ré&f6. Copyright 2018 Elsevier.

and 310 K° (350 K);’ respectively, as shownFigure 2 made possible to study magnetism in the truly 2D regime.
With regard to the 111V semiconducting compounds, CrP is Despite the enormous progress in preparing high-caiedisy
found to order ferromagnetically up to 23% Whereas and heterostructures of 2D materials, the exfoliated samples
calculations on CrAs show an easy-plane magnet behavior wilve dimensions of a few microns and frequently present an
an astonishingly high transition temperature of §3alKeit irregular shape, which represents a major limitation for their
being expected to be of Berezingkisterlitz Thouless type, use in scalable device applications. An alternative fabrication
or to display quasi-long-range order). These particulatrategy, which has been less popular than exfoliation due to its
theoretical studies highlighted here are certainly going tocreased cost and the long material optimization process, is to
trigger experimental investigations, given the ability to growse bottom up methods such as chemical vapor deposition
TMDs and Il V compounds by several bottom-up methods(CVD) or MBE for the synthesis of 2D magnets. While the
such as MBE. growth of only one family, that of doped (V- and Cr) TMDs,
Toward the Fabrication of Scalable, Large-Area 2D has been achieved by CVD so"f&¥)BE has been successful
Magnets. The synthesis of bulk layered magnets have a lorig preparing a couple of 2D magnetic systems such as
history, but it is the recent technical breakthrough irmonolayered Crgf***and CrC}’®and few-layer-8g’° and

exfoliation, isolation and encapsulation of 2D materials, thBgGeTe **°with Curie temperatures lower than in their bulk
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Figure 5. Examples of large-area 2D magnets grown by MBH) (donolayer CrC| on Graphene/SiC(0001) and (ay) few-layer
Fe,GeTe on GaAs (111). (a) Schematic crystal structure of Gigtaphene/6H-SIC layers in top-down view and cross-section viewn(b)
situ RHEED pattern of the substrate and monolayer Grebwn by MBE, along M of graphene ( K of SiC). Streaks from derent
high-symmetry directions of CrCare observed, implying a twisted in-plane orientation of the grains. (c) STM topography of a monolayer
CrCl; grown on graphene/6H-SiC(0001), indicating a homogeneous coverage on long length scales. Inset: édnggography image,
which reveals the grain boundaries. (d) Atom resolved image of the, Griite featuring a moir@attern (upper panel) and its Fourier
transformed image (lower panel). Panels @ adapted with permission from réf8. Copyright 2021 AAAS. (e) Crystal structure of
Fe,GeTe. (f) RHEED oscillations indicating layer-by-layer growth ofG&Te (0001) on GaAs (111), and the corresponding electron
di raction pattern (inset). The inferred growth rate is 111 s per monolayer. (g) Transmission electron microscopy@Geagf&aAs
cross-section, indicating the (111)/(0002) epitaxial relationship. Panelg)adapted with permission under a Creative Commins CC BY
license from reB9. Copyright 2017 Springer Nature.

counterparts Higure %. In the monolayer regime, the DEVICE IMPLEMENTATIONS AND BASIC CONCEPTS

magnetism of CrBrwas studied by local spin-polarized Magnetoresistance. For spintronic device applications, a
scanning tunneling microscopy (STMnd magneto-optical ~ crucial material property is magnetoresistandgnamic and

Kerr-e ect (MOKE) the latter vieldin 20 K. In th reversible cha_nge in sa_mple resistan.ce under varying magnetic
err-e ect (MOKE), " the latter yielding & of 20 € eld. Magnetic materials and their heterostructures can

case of Crla homogeneous monolayer coverage over largganifest exceptionally large switchable magnetoresistance
areas was achieved on Graphene/SiC(0001) substrates (siee to a change in the magnetic structure or spigwation

Figure }, whereas the magnetic properties were evalisted UPOn the application of a magnetetd. There are two

L : . rominent strategies for exploiting magnetoresistance from
X-ray magnetic circular dichroism (XMCD) over larger area agnetic compounds in functional electronics. One is

yielding aT. of 13 K and a sizable easy-plane magnetiengineering atypically large magnetoresistance through the
anisotropy® On top of the eorts to grow wafer scale 2D fabrication of multilayer heterostructures such as MTJs. The

: " concept was demonstrated independently by Baitach*
magnets by MBEF{gure 3, the selection and deposition of and Binasclet al'°%in which multilayerims consisting of

suitable capping layers to protect these materials frogyjacent FM electrodes leads to giant negative magneto-
oxidation is a key step toward device processing. resistance when switching from an AF to FM gcoa-
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Figure 6. Enormous TMR in vdW MTJs induced by layered antiferromagnetism. (A&cf®e magnetic circular dichroism (RMCD) of
bilayer (left) and trilayer (right) Cr} showing layer-dependent magnetism. Reproduced with permission fra® bpyright 2018 AAAS.
(B) Magnetic- eld-dependent current change in a vdW MTJ incorporating magnetic () Schematic energy diagrams of £hoased
MTJs with AF barrier (top) and FM barrier (bottom). Panels (B and C) are adapted with permission frdr& ©bpyright 2018 American
Chemical Society. (D) Summary of TMR values as a function of thickness. Reproduced fidr @bpyright 2019 American Chemical
Society.

tion*°* 2% Since then, MTJs have been further optimized tdCrCl;, CrBg, Crl), semiconductors (CrSBr, ,GeTey),
increase the magnetoresistance by changing the geometnanal metals (R&eTe, FeGeTe, CrTe), makes vdwW
either two FM metals separated by an insulating barrignagnets exceptionally attractive for nanospintronic applica-
(conventional spin valves) or two nonmagnetic metals with dons (se€spintronics: From Fundamentals to Degeetion
(anti)ferromagnetic barrier (less conventional slpém). for details). An unusual property of 2D magnets is the
Despite numerous @ts to enhance the performance of abundant observation of strong intralayer magnetism with high
MTJs over many decades, they sti#trsfiom issues such as magnetic anisotropy, which allows for the existence of
retaining the crystallinity and magnetization of ultrathimagnetic order in the 2D limit, with weak interlayer coupling,
magnetic Ims and enlarging the tunnelling magnetoresistancghich often results in layer-dependent spin ordefimese
(TMR) which prevent miniaturization of high-performancefeatures, tied with the observed high crystallinity and low
devices. The second approach is utilizing the high degreedidorder characteristics of the parent compounds without
electronic tunability of intrinsically magnetic 2D semiforming dangling bonds in the 2D limit, make vdW magnets
conductors (or 2D metals with high density ionic gates) t@specially attractive for the fabrication of MTHE%° The
provide control over both charge and spin carriers, allowing flayered magnetic properties of vdW magnets also manifest as
complete spin polarization of their conduction electrons. Bgrge intrinsic magnetoresistance in conducting vdW mag-
exploiting the spins of electrons as information carriers, instazets:>*4**%* which, when paired with the high degree of
of their charge, these materials promise to improve the speetictronic tunability obtained through electrostatic gating in
density, and energy @ency of electronic devices through the 2D limit, oers exible control over both electronic and
single-spin transp(%é 108 They are particularly attractive for magnetic propertie§®***in transport devices fabricated with
device applications that utilize both the electronic tunabilitydW magnets.

and spin-polarized transport in lateral MTJs and sfuin Spin Filtering E ect. In fabricating MTJs from vdW

e ect transistorS.*%® The recent discovery of magnetism in materials, a particularly useful property is the existence of a
atomically thin vdW materials, coupled with the diversity dayered AF ground state such as the one observed,in Crl
their observed electronic properties including insulator@rCk, and CrSBriigure & for representative gdase). It is
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Figure 7. Summary of intrinsic magnetoresistance in vdW magnets. (A) Magnetoresistance ratf) Mﬂ% x 100in bulk

CrSBrversusnagnetic eld (parallel to theb-axis) at various temperatures. Each MRR curve sgifor clarity. The solid black line is an

MRR curve taken near the Nietemperature. The antiferromagnetic (AF), fully polarized (FP), and paramagnetic (PM) phases are labeled,
and the phase boundary is denoted by dashed black lines. Schematics showing the orientation of the spins in the AF and FP states are giver
above the plot!° Reproduced with permission from refQ Copyright 2020 John Wiley and Sons. ), of a 5-layer MnBiTe, sample as

a function of external magnetield applied perpendicular to the sample planelat 1.6 K. Data are symmetrized to remove fRg
component:**(C) R, of a 5-layer MnBiTe, ake as a function of magnetield acquired at various temperatures. Data are symmetrized to
remove theR , component. Inset shows the layered crystal structure of Miein the AF state™* Panels (B) and (C) are reproduced with
permission from refl11 Copyright 2020 AAAS. (D) Ball and stick model of the,@eTes crystal structur&® (E) Magnetoresistance

(MR = W) curves forT = 60 K and back-gate voltage of 3.9 V for a 22 nm-thic)G8iTe; ake. The background is removed for
clarity. The magneticeld is applied in the out-of-plane direction. Unprocessed data are shown in th&%imsmels (D) and (E) are
reproduced with permission from r&6. Copyright 2020 Springer Nature. (F) Side view of the atomic lattice of bilaygeHa. The
dashed rectangular box denotes the crystal unit’éelG) Temperature-dependent magnetield (out-of-plane) sweeps of the Hall
resistance measured on a 12 nm thickGeTe ake!’ Panels (F) and (G) are reproduced with permission from#&fCopyright 2018
Springer Nature.

worth noting that this layered AF structure is usuallgialtyi attractive as a tunnel barrier since the number of AF layers is
madé'**** in traditional heterostructures, as it is rarelydetermined purely by the thickness of thkes and the
naturally occurring. Consequently, fabricating multiple-layeredturally formed multiple antiparallel spin gorations can

AF structures is prohibitively dult with existing fabrication trigger enormous TMR values. Accordingly, several groups
techniques. Although it is possible to realize the conventiortedve reported TMR in vdW MTJ devices incorporating
spin-valve device using two FM metalkes separated by an multilayer Cyg as the insulating tunnel barrier sandwiched
insulating or semiconducting matefial® (seeSpintronics:  between graphene electrdde¥. The TMR at 1.4 K has
From Fundamentals to Devisestion for details), the exotic been found to be as large &#¢40nder a 2T magnetield as

spin conguration of a layered AF ground state in 2D magnetshown irFigure 8, which is 10° times larger than a previous
gives rise to a substantial sftiering e ect. From the point of  world record of giant magnetoresistance in a pseudospin-valve
view of MTJs, vdW magnets having layered AF structure avilJ device with a MgO tunnel barfi&t.
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Figure 8. Comparison between tunnelling eliential conductance spectra between Gri@F and Gr/CrBr,/Gr devices in a magnetic

eld applied out-of-plane of the magnetien for Crl; sample and in-the-plane of the magnetim for CrBr; sample. For both materials,
narrow low energy resonances appear, which are dispersive in the magtettithe color maps demonstrating the dependence of the
di erential conductance for (a, b) Gr/C#IGr and (c) Gr/CrBr4/Gr devices illustrate the evolution of such resonances. The quantitative
parameters describing the magnonic statestheir zero- eld energy and the slopeE/ B can be extracted based on the linets to the
evolution of the energy of the resonances in the magnetit (b, d). Panels (a) and (b) are adapted with permission fronideCopyright
2018 AAAS. Panels (c) and (d) are adapted with permission froa3&fCopyright 2018 Springer Nature.

Given that the origin of the TMR value is due to the barrieexhibits a large negative magnetoresistanced6f6 at 10 K
height dierence between the antiparallel and the paralletith a low saturatioreld of 0.5 T along the easy akigj(re
multistack$ (which results in an exponential increase in7A).**° This behavior is attributed to the suppression of
TMR) as shown inFigure €, it is suspected that the interlayer tunnelling in the AF phase due to spins in adjacent
performance could be enhanced furthemding materials  planes having opposite magnetization. In the fully polarized
with larger exchange splitting and lower barrier heights. Othgfate (in which all spins are aligned with an external magnetic
chromium trihalides such as Gr&nd CrC} have been eld), interlayer tunnelling is restored, leading to a decrease in
studied, but Cgibased MTJs still exhibit the highest TMR the overall sample resistance. In the few-layer limit, vdW
values due to the largest splitting combined with a narrofaterials with layered antiferromagnetism have a layer-
bandgap'***’ *?°as shown iffigure ®. Another advantage dependent ordering; odd layers functionally behave as a
of vdW MTJs is that the magnetic properties are easily tunégfromagnet due to a nonvanishing magnetic moment at zero
by external factors (electrields:® doping®® and pres- ~Mmagnetic eld:™" For example, a 5-layeake of MnBiTe,
suré®?d). Such a high degree of tunability can potentially givgxhlbns magnetic behawor_ reminiscent _of a ferromagnet at
signi cant performance breakthroughs in future MTJ-base#ero eld followed by a series of magnetic states due to the
devices. Despite the promising possibilities of vdw MTJsIPRINg of spins in adjacent layers upon the application of an
there are still myriad challenges remaining before vdw MT34t-0f-plane magneticeld. The various magnetic states
are useful for practical applications. These inchdieg ~ Manifest as steps in the Hall resistafcaie B). Due to
higherT, materials for room-temperature operation, developt-he nontrivial band topology, the Hall resistance quantizes to

ing nonvolatile functionality for memory applications, reducingy, = g at the saturationeld ( 6 T) from the formation of

the operationeld for low power consumption, increasing thequantum anomalous Hall states. Accompanying this discovery
junction conductance while retaining high TMR, andyas the observation of a giant negative magnetoresistance in
enhancing the ambient/chemical stability for more reliablghe longitudinal resistanc&iqure T).*** In layered
fabrication processes. ferromagnets, similar magnetoresistance features can be

Lateral Transport Properties. A few conducting vdW  observed. In a 22 nm-thickke of C;GeTeg(Figure D), a
magnets manifest intrinsic magnetoresistance, including #igable magnetoresistance @B% was observed in the
semiconducting CrSBf and CyGeTe;’® the metallic  longitudinal transporE{gure E) with a saturationeld <500
FeGeTe,"”’" and the topological insulator MyTRi,'"*  mT. Since the magnetoresistance displayed csighi
CrSBr and MnBTe, are both vdW antiferromagnets which hysteresis and the easy axis is out-of-plane, the large
manifest strong intraplanar ferromagnetism with weak layenegnetoresistance is credited to the spontaneous magnet-
antiferromagnetisth?* CrSBr, a functional semiconductor ization of magnetic domains characteristic of ferromagnets. In
with an easy axis aligned parallel to the sample'pfattes, metallic layered ferromagnets such,@effe (Figure F),*
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large magnetoresistance can arise from the anomalous Hatiment of 2.0 At nite (low) temperatures, the magnon
e ect}*’"%3 the Hall resistance displays a sharp switchingnagnon interactions provide additional contribution to the
hysteresis at the saturatiogld (Figure G). Beyond the  Zeeman term, leading to the increase of the magnetic moment.
magnetoresistance behaviors observed in vdW magnets V@#if-consistent spin-wave calculafiofer CrBg predict a
layered magnetic cagurations, an advantage of 2D vdW magnetic moment of 2.4.***
magnets is the observed sensitivity to electrostatic dop-The larger values of the experimentally obselfedB
ing;*®%1 which has demonstrated the ability to increaseslopes in Cgland CrBsremain a puzzle; however, it is notable
the magnetic ordering temperature up to room température.that the magnetic moment of magnons is strongly dependent
The Role of Spin Waves in Tunnelling Devices with on temperature, especially in the regime close to the critical
Ferromagnetic Barriers.Spin waves play a crucial role in the Curie temperatureT).** First, the enhanced population of
perseverance of the alignment of magnetic moments in theagnons at higher temperatures suppresses the short-range
2D arrangements as described by the Me¥tagner and long-range magnetic ordering. Second, the gap in the spin
theorem. As many other fundamental excitations, they exhibiave spectrum and interlayer exchange couging (
wave-particle duality. The spin waves may be described sappresses the spinctuations i(e, making the magnon
wave-likeuctuation of the spin state of the magnetic momentexcitations stér). Consequently, two regimes of magnetic
localized in a crystal lattice with a quantum of such excitati@moupling may be idengd, with the transition between them
treated as a magnon quasiparticle. Akin to quanta of lattide ned by a condition 2gB  J, which dierentiate the
vibrations (i.e., phonons), magnons can manifest naturally imagnonic states by the value of their magnetic moment.
inelastic scattering processes monitergdby optical or  Specically, at low magnetield and temperatures close to
electrical methods. Therefore, Raman spectroscopy, neuty the slope E/ B for magnons in CrBis predicted to be
scattering>*?° and/or tunnelling spectroscopy>° are 4.5 ; and 7.1  for the lower energy and higher energy
common techniques used to get insight into the properties afagnons, respectively.
magnons in solids exhibiting localized magnetic moments.  Except for modulating the ordering of magnetic moments in
There are a few reports demonstrating the appearancetbé crystal lattice, the presence of magnons can also mediate
magnon resonant&s“ 3" in 2D magnets, as seen in the the inter-Landau level (LL) tunnelling processes. In experi-
conductance spectra in devices with graphene electrodes amehts, where the magnettd is applied perpendicularly to
magnetic barriers made of thin layers of,*€r{%3* the graphene electrodes, Landau quantization occurs with the
CrBr,**%** and CrCJ*?° crystals. All three materials display mutual alignment of the LLs in bottom and top graphene
evidence of magnon-assisted tunnelling processes in formelafctrodes given by the applied bias. Example data are
step-like features in the conductance spectra or narrqwesented ifrigure 8,b. In such coguration, the LLs may
resonances in drential conductance spectra, as demonbe tuned in and out of resonance, favoring either an elastic
strated irFigure 8 Characteristically for magnonic resonancegunnelling process directly between aligned LLs or an inelastic
their energy is magnetield dependent, and the observed tunnelling process requiring an emission of a magnon as
slope E/ B is indicative of the magnetic moment of the schematically illustratedRigure @,b. These two tunnelling
quasiparticles involved. Qualitativelyy &rdl CrBg display processes may be distinguished by changing the temperature
two low energy resonances that are dispersive in magdetic and applying bias across both graphene electrodes. At low
and may be associated with magnons. The tunnellingmperature, the inelastic tunnelling events with an emission of
resonances in Grbccur at higher energy (3 and 7 meV) a magnon dominate the tunnelling spectra. With the increase
than those observed in Gy8t.5 and 17 meV) as summarized of the temperature, two-magnon proceésasolving both
in Table 6 The value of theE/ B slope constitutes another absorption and emission of a magnon become more probable,
due to enhanced population of magnons. Such processes

Table 6. Zero-Field Energy and theée/ B Slope Is contribute to the elastic scattering events, which can be further
Summarized for the Two Magnonic Resonances Observed enhanced by spin disorder scattefirfgr the temperatures
in Gr/Crl 4/Gr and Gr/CrBr3/Gr Devices, Based on the close toTc.
Evolution of the Di erential Conductance Spectra in a Collectively, these observations provide evidence that spin
Magnetic Field waves participate actively in the magnetic properties of 2D
_ magnetic materials. The magnon quasiparticles contribute to
'°Werr§;‘§rﬂg¥mrgag”°” h'gheﬁees’;fgg’cg‘agnon tunnelling spectroscopy byeaing additional channels
, facilitating the tunnelling processes of charge carriers. As
mEEE Ry ey SERE erEmy (M) SR low-energy excitations, whose contribution to the tunnelling
Crig™ 3 2 7 8 spectra can be tuned by electric and mageé&ts; magnons
CrBg'* 7.5 5.1 17 5.7 constitute a foundation for the principle of operation for

devices relevant for spintronics applicdtidRaurticularly, the

di erentiating factor between the two materials. The energi8plementation of vdW magnets in unfore_seeSn paradigms of
of the magnon resonances are consistent with the magngignon-based data processirand computing;® utilizing
density of states, calculated based on experimental values of@gctive spin-wave prc;gaganon to realize alternatives for
exchange integrals between the magnetic momenitsai<r commonly used logic g €Sshow promising avenues for
in the lattice of Cgland CrBg crystals. However, the values of Investigations.
the E/ B slope are more dcult to interpret.

At the temperature of 0 K, the tunnelling processes afdAGNETO-OPTICAL PHENOMENA
limited to those with an emission of a magnon quasiparticllagneto-optical phenomena develop when electromagnetic
which arises from a spip mechanism within €rions which waves couple to the spin degree of freedom in solids because of
gives rise to a quasiparticle characterized by a magnedfin orbit-coupling. They have long been utilized in studying
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a —_— b explored material families.g.transition metal oxid&¥),
periment Theory . .
80 cuprate high-. superconductofé; and heavy Fermion
material$?? A general feature of these strongly correlated
60 materials is that the relevant electron orbitals are typically d or
< f orbitals which, unlike s or p orbitals, have a degree of
= 40 localization and thus lead to enhanced Coulomb interaction
and reduced band widths. In this picture, at an appropriate
20 Fermi energy, localized moments with large Coulomb
5 interaction energies arise. While ttfbsdding blocKs of
-150 75 0 75 150 strongly correlated matter are well understood, many questions
v, (mv) remain®® and the road to technological exploitation is
onerous. Unfortunately, centional quantum materials
d MisdlignaisLLs typically have strict limitations to engineering and probing
e : 5 strong correlations and their emergent phases.

g > ‘ 3 € > =3 Fortunately, the rise of 2D materials provides an ability to
— £, — — T'251C, tune the two critical energy scales (Coulomb interaction and
3 kinetic energies), and the Fermi energy, over several orders of

magnitude, providing a solid-state quantum material platform
with vast potential, as already demonstrated with twisted
& 4 bilayer graphene heterostructures near the magitammle.
€ such twisted bilayer systems, a periodic potential landscape
called a moirsuperlattice arises, creating a means to engineer
Figure 9. Temperature evolution of the @rential conductance b«.'allt-bands aﬂd quep]ch t_f(]je lklnetlcbelnergy. In the Cr{]:\se Of.tW'Ste.d
spectra in an out-of-plane magnetield of 17.5 T is indicative of llayer graphene, the widely tuna_ @ parameters have given rise
elastic and inelastic tunnelling processes mediated by magnons!© @ Plethora of phases: Mott gap insulators, superconductivity,
The experimental data (a) shows qualitative agreement with ferromagnetism, Chern insulators, and nematic ordering,
theoretical predictions (b), which consider inelastic scattering among others; more are likely to be discoV&rethe
processes with an emission of a magnon and elastic tunnellingscope for engineering the electron correlations in 2D materials
processes involving two magnons. Both processes can beivals the impressive precision in cold-atom quantum
distinguished by applying a bias which shifts the mutual alignment simulators}® but with very dierent energy scales. Beyond
of Landau levels (LLs) in the graphene electrodes (c, d). All panels magic-angle graphene, TMD heterostructures present oppor-
E‘;?S::d with permission from réf31. Copyright 2018 Springer  nities to create and probe highly tunable electron (or hole)
) correlations. Compared to graphene, monolayer TMDs have a
much simpler band structure. Twisted bilayer graphene has 2-
magnetic materials, more so in recent research of 2D magné@igl sublattice symmetry, 2-fold layer symmetry, and 2-fold
crystals and moiseiperlattices. In this section, we will reviewtime-reversal (spin) symmetry, leading to an 8-fold total
the recent progress on 2D magnetic phases in two importag¢generacy which puts strict limitations on the twist angle
systems, 2D TMD heterostructures and 2D magneté 1.05+ 0.05, the so-calletinagic-angleat which strong
(particularly, Cg), studied by magneto-optical spectroscopycorrelations aris€j: On-the other hand, in twisted TMDs,
Although TMDs are intrinsically nonmagnetic, magnetic statése sublattice and layer symmetries are broken, resulting in
can be engineered in the strongly correlated regime in higtgimple 2-fold total degeneracy. The impact of this i€aigni
tunable moiresuperlattices that compose of two stacked MLThe strong correlations are more robust in twisted TMDs;
TMDs. In such systems, excitons in TMDs can be exploited tiey can be realized over a wide range of twist angles, relaxing
powerful optical probes of the emergent magnetic states ortbe demands on fabrication precision and setting possibilities
nearby magnetic layers. On the other hand, 2D magnefier larger tunability of the correlations. Also, unlike graphene,
atomic layers isolated from bulk van der vdwW magnetic crystals|Ds have anite energy gap which, at the monolayer limit,
have formed another large pool of intrinsic 2D magnetibecomes direct in momentum space. Combined with strong
phases, of both fundamental scieiierest and potential for spin orbit coupling, TMDs present clean spin-resolved optical
spintronic device applications. Static and dynamic magnesglection rules. Finally, electrioole pairs form strongly
optics €.g. MOKE, magnetic circular dichroism (MCD), bound excitons in TMDs due to their 2D nature, leading to the
magneto-PL, and magneto-Raman spectroscopy) have bgessibility to sensitively probe their environment. Altogether,
applied to reveal the underlying physics of 2D magnets. in addition to engineering strongly correlated states in low-
Excitons in TMDs: Optical Probes for Emergent  defect density TMDs and their heterostructures, these features
Magnetic Phases in van der Waals Crystals and suggest the probing and sensing of emergent magnetic phases
Heterostructures. Magnetism in Strongly Correlated TMD within the TMD itself, or in nearby 2D materials, via optical
HeterostructuresStrongly correlated electron systerss a spectroscopy. This is the motivation of our section review.
fertile ground to discover, engineer, and probe emergentin the following, we will review how emergent states arise in
phases of matter, including distinct magnetic phases. Stran§ermi sea in a monolayer TMD or in a nie@terostructure
correlations among electrons arise when their mutual Coulorabd how the exciton transitions in TMDs can act as sensitive
interaction is similar or larger than their kinetic energy, and th@obes of emergent states. We wil present a basic
delicate balance between these two energy scales determinerttieduction into the fundamental magneto-optical properties
ground state of the system and its low-energy excitatiorsf. monolayer TMDs. Next we will introduce emergent
Strongly correlated electron systems exist in many wallagnetic phases that can arise due to strong correlations in
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Figure 10. (a) Schematic illustration in a single-particle picture of the direct band gap edge states for a W-based TMD (bottom) in the
degenerate but inequivalent corners of the hexagonal Brillouin zone (top). The red dashed (blue solid) lines depict spin-up (down) band-
edge states. Up (down) short arrows indicate spin-up (down) conduction band and valence band electrons. Long vertical arrows represent
spin-allowed optical transitions with (red) and  (blue) polarization. Adapted with permission from def6 Copyright 2018 American
Physical Society. (b) Schematic illustration of the optical response of an ideal 2D semiconductor, showing the excitom grdjirzehd

excited state resonances € 2, 3, 4, ...) below the renormalized quasiparticle band gap. Adapted with permission under a Creative
Commons CC BY 4.0 license from ref7. Copyright 2017 Springer Nature. The top right inset shows the energy level scheme of the
exciton states, designated by their principal quantum numpweith the binding energy of the exciton ground state below the free-particle
(FP) band gap. Adapted with permission from fief6. Copyright 2018 American Physical Society. (c) Schematic energy level diagram
depicting the three contributions to the valley Zeeman shifts of the band-edge states: spin (black), valley (green) and atomic orbital
(purple). The dashed (solid) lines represent the energies of the states before (after) applying a positive melghegiqpendicular to the
material interface. Adapted with permission from tdB Copyright 2015 Springer Nature. (d) Schematics of a typical microscope for
optical spectroscopy of 2D materials in gprescence geometry. The 2D materials can be studied at temperbtares300 K by placing

them on nonmagnetic nanopositioners inside a cryostat. A solenoid allows the application of madde{®) perpendicular to the crystal

plane (Faraday geometry). The excitation and collection paths can feature several polarizing optical components for Rictandere
experiments in circular § and linear () bases. Adapted with permission from téf. Copyright 2017 Springer Nature. (e) PL spectrum of

ML MoSe at T = 4 K under continuous-wave laser excitation with 2.33 eV. The spectrum shows the neutral é&¥itord (the lower-

energy negatively charged excitoh ). The X shows a binding energy of about 30 meV (see inset). Adapted with permission frof.ref
Copyright 2013 Springer Nature. (f) Derivative of the eetance contrast spectrurd/ @E) ( R/ R) for a WS monolayer (ML). The exciton

states are labeled by their respective quantum numbers. The inset shows the as-measatadcee contrast R/ R for comparison.
Adapted with permission from réf51 Copyright 2014 American Physical Society.

Fermionic baths, why the properties of TMDs can promotstrong spinorbit coupling and broken inversion symmetry in
additional investigations in these topics, and recent obserd@Ds leads to an ective coupling between the carrier spin
tions in this direction with a particular focus on the propertieand the valley index of the electrons and holes atkihe

of an excitonpolaron, a bosonic impurity in a Fermi sea, incorners (seEigure 1a for a W-based TMBY?which results
gated TMD devices. Following this, we will introduce the 20n valley-dependent optical selection ttiégter absorbing a
Hubbard model and review the recent observations of strongly-polarized photon, a valence band electrarK atan be
correlated states in moif&D heterostructures. Finally, we promoted to the conduction band-&t, leaving behind a hole
review how monolayer TMDs can act as sensitive probesiofthe corresponding valence band. The attractive Coulomb

magnetic states in nearby 2D layers. interaction between the conduction band electron and the
Magneto-Optical Properties of TMI?snong the plethora valence band hole gives rise to the formation of a hydrogen-like
of vdW materials, 2D group-VIB TMDs such as,NiEse, state, known as exciton, in which the electron and hole are

WS, and WSge have emerged as a class of gappedightly bound together with a typical binding energy on the

semiconductors with appealing optoelectronic properties. trder of 0.5 eVE4°+154

their monolayer forms, they present direct bandgaps withAs a consequence of the large binding energy, excitons

energies in the visible to near-infrared spectral range, with tthetermine the fundamental optical properties of TMDs at both

band edges located at the degenerate but inequivalent cormagggenic and room temperatures. While the radii of 2D

of the hexagonal Brillouin zone (ltygically referred to as K argkcitons in TMDs are small, their properties remain in the
K valleys, as shownFigure 18).“° The combination of a  Wannier-Mott regimé?® resulting in a Rydberg series of
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Figure 11. (a) Schematic band structure depicting intravalley (left) and intervalley (right) interactions between an exciton and a spin-
polarized 2DES in a lightly doped W-based ML TMD. Adapted with permission froth7@e€opyright 2020 AIP Publishing. (b) Voltage-
gate-dependent color-scale map presentinggetance contrast spectra measured in an hBN-encapsulated ML,.Md8active and

repulsive exciton polarons are visible in both n- and p-doped regimes. Adapted with permission under a Creative Commons CC BY 4.0
license from refl71. Copyright 2019 American Physical Society. (c) Gate-voltage dependencies of the line widths (top panel) and energies
(middle panel) of the exciton (red) and attractive polaron (blue) resonances on the hole-doped side of an hBN-encapusulated, s MoSe

B =16 T. Bottom panel: Gate voltages corresponding to intedielg factors determined based on the positions of the local minima of the
exciton line width. Adapted with permission under a Creative Commons CC BY 4.0 license fiiath @bpyright 2019 American Physical
Society. (d) Gate-voltage-dependence derivative of thectance contrast spectrum with respect to the gate voltage of a charge-tunable,
dual-graphene-gated, and fully hBN-encapsulated MdBéright panel). The weak, higher-energy resonance is due to Umklapp scattering

of the excitons o the electron Wigner crystal. Left panel: Schematics of the exciton dispersion in a ML TMD semiconductor hosting an
electron system in various structural phases. The parabolic- and linear-in-momentum exciton branches arise from the splitting of the exciton
branches due to the electrohole exchange interaction, and correspond to the exciton dipole oriented along trandyesséogitudinal

(L) directions with respect to the momentum vector, respectively. Adapted with permission fra#r€fopyright 2021 Springer Nature.

(e) Top panels: schematics of a Wigner crystal in a M@8ayer with an intercalated 1 nm thick layer of hBN (left). The top right panels

show schematics of commensurate stacking in bilayer Wigner crystals with triangular lattitlesgfoatiosn;:n, of 1:1, 4:1, and 7:1, with

n, andn, the carrier density in the top (blue dots) and bottom (red dots) MeoBgers. Bottom panels: 2D map dfry, n,) as a function of

total carrier densityr and temperaturd for n:n, = 1:1 (right). The Wigner crystal forms in the regior> O region. Theoretical schematic

phase diagram of a bilayer Wigner crystal, showing both quantum and thermal phase transitions (left). Adapted with permission from ref
173 Copyright 2021 Springer Nature.

excited states that resembles the physics of the hydrogen atadjacent vdW materials. Among the possible experimental
although with a larger sensitivity to the surrounding dielectriechniques, optical spectroscopy represents the most powerful
environment™>* (seeFigure 1(b)). Moreover, the carrier noninvasive technique to investigate the properties of excitons
spin, the valley index and the atomic orbital of the band edgies2D TMDs!* It provides access to key properties of 2D
involved in the optical excitonic transitions are associated wittMDs such as the crystal quality, crystal orientation, the
a magnetic momel{t Such magnetic moments can couple tosemiconductor band gap, the exciton binding energy and the
external magneticelds and break the energy degeneracyabsorption strength of the matéerialMoreover, when
between optical transitionstaK viathe Zeeman ect (see ~ combined with a confocal microscope sgere 1(d)), it
Figure 1(r)), endowing excitons in TMDs with a large can also provide high spatial and polarization resolution, giving
sensitivity to external magnetids. access to the spin and valley physics in TMDs. In this sense,
Therefore, properties such as the binding energy, oscilla®L spectroscopy has been largely employed to study the
strength, line width, polarization, and resonance energy @btical properties of neutral and charged excitons in TMDs at
excitons in TMDs represent powerful optical probes tdoth room and cryogenic temperatures (Bapire
investigate emergent phases and magnetism in TMDs ahtk).**°2*>* However, PL emission tends to favor low-
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energy states (especially at low temperatures), limiting thparticles (bosons) even in the presence of a substantial carrier
access to excited exciton states. On the other haothmee  Fermi energy. Moreover, the existence of positively and
spectroscopy allows to characterize the energy, oscillat@yatively charged exciton states with binding enEypifs (
strength, and line width of the groumd=(19 and excited a few tens of meV enables investigation of the strong coupling
(n = 25 3..) exciton states in TMDs. For example, onetegime E/E; 1), where the trion binding energy competes
photon reectance contrast has been used to investigate theth the kinetic energy of the excess electrons or holes in the
exciton Rydberg series in monolayer (ML) W& Figure Fermi reservoir.
10f), revealing exciton resonances from the greuatatd to The many-body phenomena resulting from the interaction
the Sexcited state. between an exciton and a 2DES of excess carriers in the energy
Emergent States in Fermion-Doped Monolayer TMDs.rangeke Ex can be understood in terms of Fermi
Strong interactions in dilute electron systems can lead molarons this framework, there are two types of
emergent phases and magnéfiSir® At very low densities, ~exciton-electron interactions: electrons in the Fermi sea
Wigner predicted that itinerant electrons will condense into anteract with excitons composed of electrons with antiparallel
ordered array of electrdri8,while Bloch predicted that a spin (singlet collisions) oramllel spin (triplet colli-
paramagnetic Fermi sea of electrons can spontaneousigns).”**"” For ML TMDs doped with a 2DES with Bn
polarize into a FM staté® To achieve strong correlations, much smaller than the conduction band spbit splitting
the exchange energy must dominate over kinetic energy. In agg the photocreated exciton can interact with the electron
itinerant electron system, theeetive strength of the gas either in the same valley (antiparallel spins) or in the
electron electron interaction is characterized by the Wignopposite valley (parallel spins), as sketchedjne 1a.""°
er Seitz radiusy, which describes the average distancd-or antiparallel spins, these interactions split the bare exciton
between electrons measured in units of thetiee Bohr resonance into two branches, a low-energy state interacting
radius. In two-dimensionsz mié/(4 2, J T, where attractively with the bath of Fermions (attractive Polaron), and

X ) . f 171175 177
me is the electron ective mass, is the dielectric constant, a high-energy repulsive polariy(re 1b). The

. . A ttractive-polaron resonance can be understood as a bound
andr, s the electron density. The kinetic energy of an electro, ate of an exciton and a Fermi-sea electron, and it is normally

gas scales asrdl/r: At smallrs (e.g.1s < 1), the kinetic  igentied as a trion branch. The repulsive exaitiaron
energy of electrons exceeds the Coulomb interaction enelginch, normally idengid as an exciton branch, stems from
and the properties of itinerant electrons can be described Rl exciton being dressed predominately by excitations of the
Fermi liquid theory. However, Monte Carlo calculations reveglermi sea, which leads to a repulsive blue-shift of the bare
that wherrs 26, a two-dimensional electron system (2DESkxciton resonance as the number of excess charge carriers
becomes fully polarized, whileréor 30, the ground state of jncreases. On the contrary, in parallel-spin collisions, there are
the 2DES is a Wigner crystdl,"®* a lattice of ordered no bound states of the excitefectron interaction, and the
electrons that forms to minimize the exchange interactiogpectrum only presents a repulsive polaron Brahtch.
energy. Experimental evidence of Fermi polarons in 2D semi-
A simple analysis shows that for materials withrarged conductors have recently been reported in teetien and
modest , electrons in a 2DES should spontaneously arrang®. spectrum of intralayer excitons in gate-tunable ML
into a Wigner crystal at smallHowever, at small, carrier ~ TMDs’® *82|n addition to the formation of Fermi polarons,
scattering due to intrinsic disorder in a material ofterhe strong interactions between tightly bound excitons and a
dominates, making Wigner crystal formation elusive, especigilyite sea of carriers in gate-tunable TMDs have enabled the
in the absence of an external magnetid (Landau optical investigation of a wide variety of strongly correlated
quantization can also quench kinetic energy and leal to phenomena, including the interplay between LLs and many-
bands). For example, in a 2DES in Gefs< 0.067 and = body interactions in 2D semiconduct6rs? For example, in
13),n.< 5x 10° cm *for r,> 26, a huge challenge for defect ref 171, the authors carried out polarization-resolved resonant
densities in even the best MBE syst&mdternatively, 2D re ection spectroscopy in a gate-tunable ML Mufsting a
hole gases in GaAs;f = 0.4) o er better prospects, but still dilute sea of fully spin- and valley-polarized holes in the
few reports exist and strong spirit interaction complicates presence of a strong magnetit. Their results revealed
spin polarization measureméfits’* In _comparison, the  lling-factor-dependent Shubnikoe Haas-like oscillations in
weak dielectric screening (10 30°31%9 and large  the energy and line width of the excifoolaron transitions
e ective massng* 0.3 0.8)°*°® of TMDs o er renewed  (see Figure 1), which emerge as a consequence of the
prospects®® in uence of Landau Level occupation on the strength of
Gate-tunable 2D TMDs anckelated heterostructures interactions between the excitons and the Fermi sea of holes.
represent an ideal materjalatform for exploring and Exciton polarons have also proved to be useful optical probes
controlling strongly correlated phenomena in a 2DES. Ito explore interaction-induced magnetic phenomena in gate-
addition to exploring itinerant magnetic phases, gate-tunatithable TMDs!%*8%183184 | ref181 a magneticeld of 7 T
TMDs provide a leap to investigate the many-body physi¢sads to a near-complete valley polarization of electrons in a
problem of a bosonic impurity interacting with a Fermionigjate-tunable ML MoSwith an electron density 1x610'
sea. On the one hand, the Fermi en&gyn ML TMDs can cm 2. By means of PL and resonanecéon measurements,
be electrically tuned over a wide range simply by gatinthey nd that the Zeeman splitting of excitpalarons can be
enabling a precise control of the carrier density in thetrongly modied by interaction and phase-spiigy e ects,
semiconductor. On the other hand, the large exciton bindingelding eective excitonpolarong factors as high as 18.
energy EX) of these materials (on the order of hundreds ofThese results suggest an interaction induced giant para-
meVF>*>54 allows one to reach the energy redighE- magnetic response of Mp3e addition to the paramagnetic
1, in which the excitons remain wellhdd mobile atom-like  phase observed for MgSeFM ordering of 2D electrons was
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Figure 12. (a) Schematic illustration of a 2D triangular matgerlattice resulting from stacking two TMD MLs with éient lattice
constants and/or twist angle. The mojpetentials (empty blue circles) can be loaded with either electrons or holes with spin up (red arows)
or down (blue arrows). The on-site Coulomb interaction enddggnd hopping amplitudebetween spins in the lattice is highly tunable by
the stacking angle and choice of 2D materials, enabling the investigation of the Fertohbiard model. (b) Sketch of the type-Il band
structure of a WSANS, heterobilayer, where K and Kepresent two valley degrees of freedom. Up (down) arrows denote the spin up
(down) direction. (c) Dependence of the magnetic susceptibilityg g, (left axis, black lled symbols) and Weiss constanfright axis,

red empty symbols) on thelling factor of WSgWS, at 1.65 K. Panels (b) and (c) adapted with permission froml&st Copyright 2020
Springer Nature. (d) Optically detected resistance and capacitance signal at 1 kHz (gray) and 30 kHz (black) from charge-neutral to
moderate hole doping in WZ®V/S,, showing gap-like features at hole doping levels afny3 (orange dashed line)y = 2ny/3 (green
dashed line) andh = n, (blue dashed line). Adapted with permission from &8 Copyright 2020 Springer Nature. (€) Abundance of
insulating states in WS#VS, as revealed by the blue-shifts of th&eXciton resonance in the rectance contrast of a ML WsSgensor
placed in close proximity to the heterobilayer (top panel). The top axis shows the proptisgdactor for the insulating states, with the
corresponding corgurations schematically shown in the bottom panels. Adapted with permission frd@9re&opyright 2020 Springer
Nature.

recently reported in gated ML Mdfy optical spectroscopy ky (wherek,, is the reciprocal lattice of the Wigner crystal),
measurements of exciton polatéh#n ref 184 the same  which folds the dark exciton states back to the light cone where
authors demonstrated that the magnetic phase of ML Mo$hey hybridize with the= 0 exciton and thus can couple to
can be controllediathe voltage applied to a gate electrode,photons (see left panel lefure 1d). An example of these
leading to ast-order magnetic phase transition between a FMxciton resonances was observed in the high-energy side of the
phase at low electron density and a paramagnetic phase at higgulsive exciton polaron branch in a charge-tunable ML
electron density. MoSe (see right panel défigure 1d)."’? Although both the

Optical spectroscopy investigations of Fermi polarons in Miepulsive polaron and the Umklapp resonance blue-shift upon
or weakly coupled BL MgS®ave also recently enabled the electron doping, the energy splitting between these two
demonstration of electronic Wigner crystallization in a 2Desonances increases linearly myitlh agreement with the
TMD semiconductdr’?* 38> As predicted theoreticdlfy,  reduction of the lattice constant of the Wigner crystal expected
the large electron mass and reduced dielectric screeningfan increasing,’’? Moreover, the same authors have shown
these 2D semiconductors have led to the formation of Wign#rat the application of a magnettd further increases the
crystals without the need of an applied external magnestability of the Wigner crystal, since mement of the

eld! 173185 Moreover, even in the absence of an extrinsielectron motion into circular orbits partially suppresses its
periodic modulation of the band structure of the ML TMD, kinetic energy. Similar to ML MgSeesonant rectance
the charge order resulting from the Wigner crystal state givegsectroscopy of a MgSslayer separated by hBN has also
rise to a periodic potential for the excitons in these 2D systemmgvealed the emergence of Umklapp exgitdaron reso-
In a charge-tunable ML MgSthe interaction between the nances due to spatially modulated interaction between excitons
periodic lattice of electrons and resonantly injected excitomsid electrons in an incompressible Widnett state'®®
has led to the emergence of resonances in the reducEthally, optical signatures of Wigner crystallization at cryogenic
excitonic Brillouin zorté? The exciton resonances arise from temperatures have also been observed in a nominally aligned
Umklapp scattering of dark exciton states with momkrstum MoSe bilayer separated by a 1 nm-thick hBN, in which robust
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correlated insulating states were formed at symmetric (1:Eurther, the choice of TMD material combinations (including
and asymmetric (4:1 and 7:1) electron-doping ratios for thhomobilayers or heterobilayers) allows tuning the moire
two MoSeg layers (see top panel Eifjure 1(e)).'’® These potential depths, which can strongscathe phase diagram.
bilayer Wigner crystal phases showed quantum and therni&leoretical work to understand the emergent phases and their
melting transitions above a critical electron density of up to @ependence on the wide range of parameters is only just
x 10 cm 2and at temperatures of0 K, as shown in the 2D beginning®* 9
plot of the dimensionless paramefey, ny) in the bottom Equally, there has been an explosion in experiments| e
right panel ofFigure 1& forn:n,= 1:1 (with (n,ny)  (lg(ny, recently, with several ear(l)y)ms investigating gated WSe
n) (M) 150, 0), Io(n, ny) the total exciton PL WS moiresuperlattices.” *°* In these initial works, the two
intensity and(n) (I,(n,)) the PL intensity of the exciton TMD monolayers are closely aligne® (or 60 relative
from only the top (bottom) MoSeayer when its electron twist), such that the moingeriodicity (8 nm) is largely
density isy (ny)). The estimated phase boundary between arfletermined by the lattice mismatch%). These hetero-
electron solid and a liquid, i.€n, n,) = 0 (dashed line), structures feature type Il band-alignment atebands
resembles the theoretical melting curve calculated for a Wigfgigure 1B). With this system, Tamg al characterized the
crystal (right panel éfigure 1&)"> phase diagram of strongly correlated holes as a function of
Emergent States in Fermion-Doped TMD Mélegero- observing a Curi@Veiss behavior in the temperature
structures.A simple model to capture correlated electrondependence of the exciton Zeeman splitting Rapee
phenomena in crystals is to extend the tight-binding model, #7c). Interestingly, it was observed that the Weiss constant
which all electron hopping processes have a kinetic energy changes sign from negative to positive around 0.6,
by introducing an on-site Coulomb interaction energyonsistent with a quantum phase transition from AF to FM
U186 188 a5 depicted ifrigure 14). This is the Hubbard ordering. Tanget al also observed the Mott (or possibly
model. The Hubbard Hamiltonian is charge transf P’ insulating state at= 0.5 in a transport
_ & . = : . experiment and correlated this with an observation of
H =S5t ij, G¢7F UinnpsS (i, with adja- signatures of charge-ordering in therdntial reectivity of
cent site indexésandj, spin index, ¢ (g ) the operator  the intralayer excitons as a function .tf’ Reganet al

to create (destroy) an electron of spin lattice sité, and developed an optical technique to detect charge-ordered states

C . . in the at valence-band at 1/6, 1/3, and 1/2.*°®The
N =G ¢ the number operator. Thest term describes the = 1/6 and 1/3 states likely represent Wigner crystals,

kinetic energy, the second the interaction energy, and the thifge the = 1/2 state is the Mott or charge transfer
the chemical potential which controls theg factor (). The insulator. Further, low-energy spin dynamics in the charge

situation where thqlling is one electron per site is typically 4.qared states were observed using a ot experiment
refereed to as halfing factor ( = 1/2). o o probe circular dichroism resulting from spin-ordéfing.
Similar to the emergence of strong correlations in a 2DE Building on these initial observations, JM& moire
the exchange interaction dominates over the kinetic energysierostructure device, with a nearby ML,W&esor, was
whenU/t 1 strong correlations emerge in the Hubbard,seq to discover a number of correlated states at
model. Because of the simplicity of the model, it provides,mmensuratelling fractions. The charge ordering of these
valuable insights into emergent ph_ases, including 'USU|at'§951tes is symmetric abost+ 1/4 and are proposed to range
magnetic, and superconductingces in quantum materials. from generalized Wigner crystals to charge density waves (see
For instance at= 1/2, it can be shown that a Mott insulator Figure 18)1°° This stunning observation highlights the
emerges, which is important in the context of high-temperatu\r,grsat”ity to engineer and the power to optically probe
superconductof§? This result is simple conceptually: & emergent states in TMD moireterostructures. &hal have
1/2 an electron can only hop to a site if it is already occupiegecently characterized in-depth the properties of these strongly
This costs an energy Hence, an energy dappens up at correlated states by combining optical anisotropy and
= 1/2, creating a Mott insulator. However, uncovering thesectronic compressibility measuremi&tithiey nd a strong
magnetic phase of the Mott insulator becomes nontrivial. l8ectrical anisotropy, maximumzatl/2, which is assigned to
general, the Hubbard model is nontrivial to solve in two- 0an insulating stripe phase. Further, vétteimaging of the
three-dimensions, and a wide range of techniques @an stripe phase domains reveals preferential alignment along the
or eld theory approaches or numerical approaches suchrigh-symmetry axis of the maixeperlattice. These results
diagonalization or quantum Monte Carlo) have been useg@rovide insight into the phase diagram of the extended
Experimentally probing the model is also challenging, due figangular Hubbard model. Finally, recent results highlight the
the limited range of parameter control in conventionapossibility to observe correlated states at fractiimgs in
quantum materials. Motivated by this, quantum simulation @fe PL emission of interlayer excitShinterlayer excitons,
the Hubbard model with ultracold Fermions in optical lattice€oulomb bound electrons and holes spatially separated in
has materialized, with length scales on the ordemaf®f di erent monolayers, arise in TMD heterobilayers due to the
compared to angstrom-scale length scales in the solid-stateype-Il band alignment. In contrast to optical signatures of
The 2D moiresuperlattices formed by stacking two ML emergent phases in theagtance contrast of intralayer moire
TMDs together provide an approach to create triangulasxcitons, interlayer exciton PL provides access to the valley (K
Hubbard model simulators with an impressive range eind K) dynamics of excitonic states in the nsuiperlattice.
tunability:®® The length scale, on the order of 10 nm, isFirst indications are that the fractional states, with their
precisely tunable by the combination of lattice mismatch andsulating nature, can also enhance the intervalley scattering
rotation angle between the two layers, whilellthg factor ~ and suppress the valley polarization.
can easily be tuned from< 1 to > 1 (hole-doping to TMDs as Sensors of Emergent Statése 2D nature of
electron doping), creating a straightforward means td/tune ML TMD semiconductors endows excitons in these systems
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Figure 13. (a) Top: Schematic illustration of electrdrole pairs forming £and Z excitonic states in a 2D dielectric slab. Adapted with
permission from ref.51. Copyright 2014 American Physical Society. Bottom: Theoretically calculated energies of the bandgap and exciton
states in a WSML as a function of inverse squared external dielectric constant. Shaded areas inditaé¢ions from variations of the
external screening. Adapted with permission from2@t Copyright 2019 Springer Nature. (b) Schematic of a device heterostructure to
demonstrate the sensing capabilities of excitons in ML W8k Re ectance contrast of thes{left) and 2 and 3 (middle) excitonic
transitions in the WSssensor, and theskxciton in the Wgsample as a function of the applied gate voltage ihe electron concentration

in WS). (b) and (c) Adapted with permission from reff99 Copyright 2020 Springer Nature. (d) Left: Rective magneto-circular
dichroism as a function of magneti@eld (bottom) measured in a monolayer WSand trilayer Crk heterostructure, depicted above
schematically. Orange and green curves represent magaktisweeping up (increase) and down (decrease), respectively. Right: Schematic
of a ML WSe and bilayer Cr} heterostructure (top). The layered AF spatial domains that are indistinguishable égtive magneto-
circular dichroism can be resolved by circular polarization-resolved PL fron3 W&tom). Adapted with permission from ref03
Copyright 2020 Springer Nature. (e) Measurement of the gmBagnetization hysteresis using the MOKE (bottom) in a device like
schematically shown on top. Adapted with permission under a Creative Commons CC BY 4.0 license fio#n Ceipyright 2020
American Physical Society.

with properties that dér fundamentally from those of the dielectric disorder in semiconducting nanostructures with
corresponding bulk semiconductor. A particular property ahicrometer spatial resolutidn.

excitons in 2D semiconductors such as ML TMDs is that the In addition to the previously mentioned applications, the
electric eld lines joining the bound electrbole pairs  Sensing capabilities of ML TMDs can also be harnessed to
(which are strongly comed to the plane of the atomically thin €Xplore the emergence of correlated many-body states in vdW
ML) extend outside the 2D semiconductor slab (see top pangpterostructur_es. )elu_alhave recently u_nv_elled_an abundance

of Figure 18" This property makes excitonic transitions in Of correlated insulating states at fractidirags in a WS€

. . 9 . .
ML TMDs very sensitive to their surroundings, since moderaty> moire superiattice” by optically probing the resonance

changes of the local dielectric permittivity in the vicinity of th&"€"9Y and oscillator strength of the exci.tor) excited states of a
9 P y y EAL WSe sensor placed in close proximity to the TMD

ML lead to dielectric-induced renormalizations of both th

electronic band gap and the exciton binding energy bé{eterobilayerFigure 1B shows a sketch of the device
hundreds of me¥’’ The bottom panel ofigure 1a mployed by Xet al, in which a WSeML was separated

) . from a WSEWS, heterobilayer by an hBN spacer with a
summarizes theseeets for ML W§ a typical 2D TMD.  yickness of 1 nif® Figure 18 shows a proof-of-concept

The gure shows the theoretically calculated energies of tRgample of the sensing technique in a control device similar to
band gap and both the ground arst excited exciton states he one depicted irFigure 1B, in which the TMD

of ML WS (denoted by their principal guantum numbens of heterobilayer was replaced by a3 MIS This gure shows

=1 and 2, respectively) as a function of the inverse squargfb re ectance contrast of the excitonic transitions of both the
external dielectric constafit.Such sensitivity of excitonic WSe sensor and the WSample as a function of the applied
transitions in 2D TMDs to their dielectric environment hasgate voltagé.€, the electron concentration in JV8/hile the

been exploited to realize an in-plane dielectric heterostructwrergy of theskexcitonic transition in the WSensor shows

with a spatially dependent band@apnd to monitor the  negligible dependence with the applied gate voltage (left
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Figure 14. (a) Top view of Cglmonolayer with gray and purple spheres representing Cr and | atoms. Adapted with permission fsom ref
Copyright 2017 Springer Nature. (b, ¢) Lateral view of bulks@nlthe monoclinic (b) and rhombohedral (c) phase. (d, e) Polarization
resolved Raman spectra for bulk £xdken at 5 K (d) and 280 K (e). (f, g) Polarization resolved Raman spectra for thin laygta®en at 5

K (f) and 280 K (g). Panels (bg) adapted with permission under a Creative Commons CC BY license frat4eCopyright 2019 IOP
Publishing.

panel), the behavior of theghd 3 charged exciton states in electron transfer between the;@ayer in contact with the
the WSesensor (middle panel) mirrors that of thexciton WSeg ML also enabled the use of W&ea magnetic sensor to
in the W$ sample (right panel). These results not onlymap out layered AF/FM spatial domains at zero maggldtic
demonstrate the potential of the optical sensing techniques well as atnite magnetic elds in bilayer CyWSe
enabled by excitons in TMDs but also highlight the furtheheterostructure (see right panelsigtire 18).
sensing capabilities of the exciton excited state®,(3) Finally, in 2D ferromagnet/TMD heterostructures, the 2D
compared to the ground state=(1). The origin of the better  ferromagnet also induces a magnetic excteddproximity
sensing capabilities of the excited excitonic transitions is two-ect) in the adjacent TMD, which gives rise to a sizable valley
fold: First, the exciton excited states3@ and so on) have  Zeeman splitting for excitonic transitions in the TMB°’
Bohr radii many times the ML thickness, which allows them t8uch proximity-induced magneticea has also been
sense the dielectric permittivity of nanostructures placed a fewxploited to monitor the FM properties of G(BeeFigure
nm away from the layer. In contrast to the excited states, thée)?°4>%®
Bohr radius of the ground exciton state is typically of the order Raman Spectroscopy of 2D Magnetism: Exploring
of the ML thicknes$®which restricts the dielectric sensing to Lattice, Spin, and Charge Interactions.Magnetism in 2D
layers in direct contact with the sensor. Second, as shownhiagnetic Atomic CrystalsRecently, a long-sought-after
the bottom panel dfigure 1a for ML WS, the excited-state member of 2D material family, 2D magnetic atomic crystals,
excitonic resonances follow the external screening-indudesve been discovered in several mechanically exfoliated vdwW
variations of the band gap to a much larger éXtevitjch magnetic materials, including both °Ef*’"2%° and
results in a larger sensitivity to small variations of the locAF*~**° '? ones'??*%* Among the 2D magnets revealed
dielectric environment. so far, Cg is of particular interest and extensively explored,
The potential of ML TMDs as atomically thin sensors folbecause its layer-dependent magnetic states in ula&gsn
emergent correlated and magnetic phases in vdW materials aad be controlled by external magnedid® *%*%° electric
related heterostructures is not restricted to detecting variationsld®® electrostatic dopirig, and hydrostatic presséfe,
in their dielectric surroundings. Both the proximity-induceavhich immediately triggered tremendous interest in employing
exchange interaction and the charge transfer between vAN magnetlsm in spintroni@pplications such as spin
ferromagnets and ML TMD semiconductors can also belters® *52°and transistofs:**
exploited to probe the magnetic phases of the atomically thinOptical spectroscopy has played an unmissable role in the
magnetic material$: ?°> An interface between a vdW discovery and exploration of 2D magnetism. MOKE and MCD
ferromagnet such as @yt CrBg and a TMD semiconductor, have provided direct experimental evidence for 2D FM orders
such as MoSer WSe, results in a type-Il band structure in mono- to few-layer G/f* MnBi,Te,*°° Cr,GeTe;° and
alignment, where the lowest conduction band is in th€eGeTe.”” Spontaneous helical PL has shown the impact of
magnetic materfdl® Since the relevant conduction bands in FM on the electronic states in 2D magnetic semiconductors
Crl; and CrBj are spin polarized, the type-Il band structuresuch as Csf*° Giant nonreciprocal second harmonic
leads to a spin-dependent charge transfer between the TMjgneration (SHG) has also shown the outstanding magnetic
and the 2D ferromagnet, resulting in a large spontaneouaentribution to the nonlinear opticakets in noncentrosym-
exciton valley-spin polarization in the TM¥Drhe top left metric 2D magnetic states such as even number-of-lgtfer Crl
panel ofFigure 18 shows the sketch of a ferromagnet/TMD and MnP$?*® Raman spectroscopy in fact has provided the
vdW heterostructure in which a WBE was employed to  earliest, although indirect, experimental signatures of zone-
monitor the layered antiferromagnetism of a trilaygt°€rl  folded phonons in the search of 2D AF orders in (Fe, Mn,
By measuring the rctive magneto-circular dichroism of ML Ni)PS,*2?1° ?12 and has revealed the anomalous magneto-
WSeg as a function of applied magnettd at 15 K, the  Raman eects in layered AF materials of,Cfl*** and
authors where able to observe three transitions in thel;??°
magnetization of Gr(see bottom left panel Bfgure 18), Comparing to the static optical probes of MOKE, MCD and
with each transition corresponding toimin the magnet- magnetic SHG that primarily focus on the broken time-reversal
ization of a single Gilayer. Moreover, the fast spin-polarizedand/or spatial point symmetries of magnetic orders, Raman
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Figure 15. (a) Raman spectra taken on bulk;@rlLL and LR channels at 10 K and 0 T.&), P(Ey), and M, ,label phonon modes &, E,
symmetry and coupled with layered magnetism, respectively. (b) Color map of magidtidependent Raman spectra taken in the LL
channel. (c) Raman spectra taken on bulk;@nlLL and LR channels at 7 T. (d) Magnetic eld dependence of selectégandEg phonon

modes. (g) A schematic illustration of the monoclinic distortion across the layered surface AF to FM transition. Adapted with permission
under a Creative Commons CC BY 4.0 license fron2ief Copyright 2020 American Physical Society.

spectroscopy takes the dynamic perspective in examining @ibection by 1/3 lattice constamtigure 18), and undergoes a
magnetic materials, probing collective excitations includingst-order structural phase transition to a rhombohedral
phonons in Cgl Vi, FaeGeTeg, CrGeTe;, and (Fe, Mn,  structure (space grougs, point groupCz) at a critical
Ni)PS;, magnons in CylVl;, and (Fe, Mn, Ni)PSpolarons  temperaturd. 200 220 K, with the layers stacked in the
in Crl, etc, identifying the symmetry properties of both theABC sequence-{gure 18). Unlike bulk Cgl few-layer Cyl
crystallographic and magnetic structures, and resolving thees not experience such a structural phase transition even
coupling among lattice, charge, and spin degrees of freedwfen the temperature is lowered to 5 K, suggesting that the
such as electrophonon coupling and spin-phonon coupling. monoclinic structure persists down to low temperature of 5 K.
Comparing to the dynamic probe of helical PL that results Raman spectroscopy has been used to track the temperature
from the carrier recombination across the semiconducting gajPendent structural phase transition in bujk'€ri°and to
( 1 eV energy scale), Raman spectroscopy focuses on I¢ggntify the monoclinic structure of few-layes’€tBelow
energy (2 3000 cm') collective excitations from the Ts the Raman scattering the rhombohedral lattic€)
ordering of lattice, spin, and charge and works well fdgveals phonon modesfgfCy) andEfCy) symmetries with
metallic, semiconducting, and insulating 2D magnetic mate¢RIresponding Raman tensors of the form
A the follow iew th f ph lated 00 ° e Se St
n the following, we review three types of phonon-relate ). N _
collective excitations, using sgeekamples in bulk and few- MG g Z 815"'1(03)' ] OiEg,z(Cg. d Oe 1
layer Cri. First, we look at the conventional phonons in Crl
and show its evolution across the magredtienduced  Above Tg the Raman active phonons of the monoclinic
magnetic phase transition. Second, we discuss the anomakmscture are @(Cy,) andByC,,) with Raman tensors of the
magneto-Raman ect reported in Cgl by multiple form
group$’’ ?** and settle down its origin as the static layered

AF order coupled wittnite-momentum phonons. Third, we 0c 0

review the Raman scattering between phonon-dressed excitor\,(C,): b 03 B{G): f

states in Cgl and show its response across thermal and 0 d 0

magneticeld-induced magnetic phase transitions. We have

reserved the discussion on magnons ig forl the The di erence in the Raman response between the two
Heterostructures, Twisted Layers, and Intedactsn. phases contains two aspects. First, one would expect the

Phonons and Structural Phase Transitions in. Gifure selection rule dérence in théy, phonons which is isotropic
14a shows the top view of the L£nhonolayer. The € and only present in the linearly parallel channg)@y) but
cations form a honeycomb structure with edge-sharingnhisotropic and could appear in both linearly parallel and
octahedral coordination formed by Isixanions. In bulk  crossed channels #yC,,). Second, one could observe the
Crl;, the as-grown Grisingle crystal has a monoclinic degeneracy lift from the doubly degeneif€d) phonons
structure (space group2/m, point groupC,) at room into the nondegeneratg(C,,) and BfCy,) phonons. While
temperature, with the adjacent layers shifted aloagatie  the interlayer stacking induced phase transition is hardly
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Figure 16. (a) Raman spectra taken in both linear parallel and crossed channels in monolgyar X5rlK and 0 T. Polar plots of
polarization dependent Ag mode intensityl29 cm?) at 60 and 15 K, above and below the magnetic onset temperature45 K,
respectively. (b) Raman spectra of 2L Cat 15 K and at 0 and 1.5 T in linearly parallel and crossed channels. Panels (a, b) adapted with
permission from re221. Copyright 2020 Springer Nature. (c) Raman spectra of 2L &rl.7 Kand at 0 T and 1 T in linearly parallel and
crossed channel. Adapted with permissions fron22&f copyright 2020 American Chemical Society. (d) Raman spectra of 19K

and at selected magnetields. Adapted with permission under a Creative Commons CC BY license frag8r€&fopyright 2020 Springer
Nature.

re ected in the selection ruleAgfphonons, it is well captured modes (labeled as M) with antisymmetric Raman tensor of the
by the degeneracy lift of tBgCy) phonons.Figure 1d,e m Q! . .

shows the polarization dependence @&ftug) modesat5K ~ form @m 8 % is only present in the LL channel. The
and theA(C,) and B{C,,) phonons at 280 K in bulk Gyl
clearly showing the mode splitting and the selection rul
symmetry reduction for the case at 280 K. Same polarizati
dependent measurements ory @ih akes, however, show
no distinct behaviors at 5 and 280 Kg(re 1fig) and
resemble that of bulk Gih the monoclinic phase abdwe

magnetic eld dependence of Raman spectra in the LL channel
S displayed in the false color mag-igure 1B, showing
Oz{lirupt changes in the phonon intensities at a critid®. =

2 T corresponding to the surface layered AF to FM phase
transition. The phonon intensities can be extracted from the
; ) L Raman spectra in both channels and plotted against the
(Figure 1e), which conrms the monoclinic structure down applied externaklds Eigure 18 f). Three types of phonon

to the 5 K in few-layer Grl selection rule evolution support a monoclinic structural

In addition to the structural evolution as a function of the . - P
. : distortion abov®. (shown inFigure 18 f). The rst type
temperature and thickness,;@ridergoes a magnetic phase is the leakage @, phonons €.g.at 129 cmY) into the

transition across a critical temperatufig gf= 61 K for bulk originally forbidden LR channel Bt> B, (Figure 18),

CrlzandT.n, 45K for 2D akes. The 2D magnetic phase in . :
few-layer Cglhas been shown to be a layered AF state Whercorrespondmg to the Raman tensor form changing from

the S = 3/2 spins at the €f sites align ferromagnetically 2 8§t0 E g 8iand corroborating with the monoclinic

within the layers and antiferromagnetically between adjaceft 0 b: 0Ob

layers? The 3D bulk magnetic phase was believed to be a Flgtructural distortion. The second type corresponds to the

state within and across laj€rand has been recently revised appearance &, phonons €.g.at 109 cm?) in the LL

to a hybrid surface layered AF and deep bulk FM'State channel aB > B, (Figure 1B), re ecting the evolution from

di erence of the interlayer magnetic exchange couplifgyCy) into A(Cy) upon a monoclinic distortion. The third

between few-layer 2D (and surface of 3D) and deep bulk 3@pe features thE, phonons remaining in its original LR

Crl; has been attributed to the stackingerdince,i.e, channel but experiencing an abrupt change in intémnsgitye(

monoclinic for interlayer AF and rhombohedral for interlayet), corresponding to the transformationEgiCy) into

FMZ??® When an external out-of-plane magnetid is Bg(ng) across a monoclinic structural phase trangitignré

applied, a layered AF to FM phase transition across criticsg).“*®

elds ofB, has been observed for both few-layer and bulk It remains to be determined thus far whether this monoclinic

Crl;** One natural question would be how the crystalstructural distortion is also present in few-laygaulhow

structure responds to this magnetid-induced layered AF to to understand this structural monoclinicity in the magnetic

FM magnetic phase transition, which can be addressed bsld-induced FM state in the context of monoclinic structure

tracking the magnetield dependence of the phonon modes.leading to layered AF at zereld. Nonetheless, ordinary
Figure 1&,c shows Raman spectra in the circularly parallphonons probed by Raman spectroscopy are sensitive

(LL) and crossed (LR) channels taken at 10 K and 0 and 7 Tndicators of structural changes and can be exploited in

in bulk Crk, with L(R) standing for left-(right-)handed studying lattice-magnetism coupling in 2D magnetic systems

circularly polarized light. Consistent with the Raman tensors loéyond C.

the rhombohedral crystal structg@andE; phonon modes at Time-Reversal Symmetry Broken Static Layered Anti-

0 T are observed exclusively in the LL and LR channelgrromagnetic Coupled Phonons in L£hh few-layered Gyl

respectively, while another two time-reversal symmetry brokentime-reversal symmetry broken phonon mode with an
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Figure 17. (a) Raman spectra taken o4l Crl; in both linear parallel and crossed channels at 10 K and 0 T. Adapted with permission
under a Creative Commons CC-BY license from2&d. Copyright 2017 National Academy of Sciences. (b) A summary of linear chain
model calculation results and selection rule analysis f@i1Crl,.

Figure 18. (a) Raman spectra taken on 4L @nlthe RR channel at 10 K and at 0, 1, and 2 T, corresponding to the three mageletic

rangesB < By, By < B < By, andB > By, respectively. (b) Magneticeld dependence of three modés; 4 (c) A summary of the analysis of

the layered magnetism-assisted Raman scattering for four phonon modes and three layered magnetic structures. (d) List of phonon modes in

4L Crl; that contribute to the layered magnetism-assisted scattering channel with antisymmetric Raman tensors. (e) Calculated magnetic
eld dependence of the four phonons of 4L Ctl, ,, in the RR channel. Adapted with permission under a Creative Commons CC-BY

license from reR19 Copyright 2017 National Academy of Sciences.

antisymmetric Raman tensor has been observed in the clggee. N (1.2, 1, 2 1 N S 2 is used
proximity to a fully symmetAgphonon mode at129 cm™. '=1(2 43 K’&) 2 =2 € i ',mz’
Moreover, it introduces extepally large polarization © compute the Davydov splitting of the siAglehonon
rotation in monolayer Grl(Figure 18), shows distinct

mode intoN phonon multipletsi.e, N eigenvalues ard
magnetic eld dependence from thgphonon in bilayer (2L) eigenvectors), whakgepresents the displacemead in the
Crl; (Figure 1B,c), and exhibits more complex Raman

ith layer, and, andk stand for the coupling constant within
spectral shape and magnetid dependence in thicker Lrl

each layer and between adjacent layers, respectively. Among
akes Figure 16), therefore generally referred as anomalouf€seN eigenvectorsi(i = 1, 2, 3, . Yor N-layer Cd,

magneto-Raman ect®>* 223 the highest frequency madj€i.e,i = 1) features the in-phase
A layered magnetism-coupled phonon scattering mechatomic displacement of tAgphonon of monolayer across all
nism, in combination with Davydov splitting, is proposed t&N layers and is even under spatial inversion symmetry
account for this observed anomalous magneto-Raagime ~ operation ie, parity even) whereas the lowest frequency
2D Crl of arbitrary thicknes&igure 1@ shows Raman modeU, (i.e, i = N) has out-of-phase atomic displacement
spectra taken on 4L Crl in both linearly parallel and between adjacent layers and is parity even (odd) for odd
crossed channels at 10 K and O T. One can see thréeven)N (seeFigure 1B). For this, one would expect that the
prominent features in these layer-number dependent Ramgaquency ofU(U,) keeps unchanged (decreasing) with
spectra: First, the total number of phonons increasqgcreasingN because its in-phase (out-of-phase) atomic
proportionally to the number of layers; second, the highegfisplacement saves no (most) energy from the interlayer
frequency remains constant while the lowest frequeneyupling.
decreases monotonically at higher layer numbers; and thirdin the linearly parallel channel, one expects the ordinary
the parallel and crossed channels select the same (distinglonons with symmetric Raman tenBgrdf parity everd,
frequency mode(s) in Gwith odd(even) number of layers. A symmetry becaudélayer Cr} has centrosymmetric crystal
simple linear chain model Nflayer Cr of Hamiltonian,  structures. These include every other phonon modes starting
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from the highest frequency ome,{ = 1, 3, 5, ...), as is the and skewed line shape, ascribed to the strong electron

case ifFigure 1 that the linearly parallel channel fhicksr phonon (e-ph) coupling present in 2D,€1f Such strong e-

219 , ph coupling is further observed in wide-rangel (@D cm?)
1L and 2L andl,; ; for 3L and 4L In the linearly crossed Raman spectra taken on 2L, as well as few-layeasCal

channel, the measured modes have antisymmetric Ram@hies of periodic broad modes up to the eighth order at low
tensors R, and therefore contains at least one copy of statigemperaturé?

layered magnetic order (.:ontributi.ng to_the scattering process (Absorption spectroscopy of 2L LCfeatures three
Ris UM, wherey is the i'" eigenvector and prominent broad peaks at 1.51, 1.96, and 2.68 wiose
M=(@1,51,1,..% ﬂ§1 Js the axial vector for the layered line shape matches well with the rz%grortederdhtial
AF order inN-layer Crj). Because the layered AF order is € €ctance spectroscopy in monolayes“CriThese three
parity even (odd) for odd (eveh), it should pair with the Peaks were originally assigned to be the ligaheiectronic
parity even (odd) phonon modes for odd (ewei) restore transitions in the_ derential reectance study and are revised
the centrosymmetry of the layered magnetism-phonon couplPe bright exciton states bt principle GW and Bethe
entity, leading to the crossed channeling selecting the modgRlPeter calculatioris. By choosing the Raman excitation

same as (complementary to) those in the parallel channel f8f€rgy matching the charge transfer exciton at 1.96 eV, a clear
odd (even)N. periodic modulation is observed in the low intensity part of the

Based on this formalism of Davydov splitting and layerdg@man spectra, which extends up to the eighth order at 10 K
magnetism-assisted phonon scattering, the complex magn@fél Sixth order at 70 K and spans a wide frequency range of

eld dependence of thicker Qran be explained in a wed 70 1100 cm?in 2L Crk (Figure 18). Please note that the
way as that of bilayer ¢iffor every Davydov split maglgts
Raman tensor is composed of the conventional pure structural
contribution of the symmetric Raman teriBy) and the
layered magnetism-coupled phonon contribution of antisym-
metric Raman tensqR,J, i.e, R = Rg+ ;R., where

I'-\’iS = @ 2 iis magneticeld independent and is only present

for parity-even modeR,s U-M which changes across the
critical magneticeldsB, and ; is ratio of the magnetic to
structural contribution for thigh mode that depends on
microscopic parameters such as spiit-coupling. Taking

4L Crl; as an example, it undergoes two magnetic phase
transitions at critical magnetelds ofBy = 0.7 T andBy, =

1.6 T, across whidh changes from (1,1, 1, 1)to (1, 1,

1, 1)to (1, 1, 1, 1)Figure 18 shows selected Raman spectra
takenon 4L Cglat0 T B<By),1 T (By<B<By),and2T

(B> By) at 10 K in the circularly parallel RR channel. Three
(Uy, Uz, andU,) out of four modes are resolved,Uass
spectrally very closelg and gets overwhelmed by the much
stronget);. The Raman spectra in three magnelitranges
show clearly distinct spectral shape that results from changes in

the rela_ltlve spectral intensity of thg_ three modgs_. Caref'g]gure 19. (a) Raman spectra of 2L Craken at 10 and 70 K with

magneticeld dependent mode intensities are shofigime  an excitation wavelength of 633 nm. Solid orange lines tréo

18b for the three observed modes, well capturing the criticéle raw Raman spectra, using a surldforentzian proles and a
elds oB4 andB, and displaying dérent eld dependencies.

Looking atR,g for di erent modes in dérent magneticeld ) X ] )
; plot of the tted Lorentzian mode intensity’) as a function ofN

region (-efr cth' ere(rLM) itr:BFiguref 18, I(I)?e can Zee t 'aﬁ{si; at 10 and 70 K. Solid curves arts of the peak intensity prdes to
nonzero fotJ, andU, at B < By, for all four modes &, < _ o . IR
< B, and for only, atB > B, as summarized ffigure 18. the Poisson distribution functiongy, = A;——. (c) Plot of 2D e-

By just tuning the ratio, and the overall intensity, the ph coupling constant (;p) as a function of temperature. The
computed magnetield dependence &f; , in Figure 18 dashed vertical line marks the magnetic orlget 45 K. Adapted
well matches the experimental data 14 with permission under a Creative Commons CC BY license from

. - 220 C ight 202 i Nature.
The detection of this time-reversal symmetry broken Iayeré?jf opyright 2020 Springer Nature

magnetism-coupled phonon in few-layey i€ra kind of

phonon excitation found in such layered magnets. Iphonons and the layered magnetism coupled phonons

distinguishes from the Davydov split in few-layer TMDreviewed in the two subsections above are all within the

semiconductors by having the magnetic contribution anflequency range of 7080 cm®. By tting the periodic

also dierentiates from the AF order-induced zone-foldednodulation with broad Lorentzian pes, the characteristic

time-reversal symmetric phonons in (Ni, Rebp®reaking  parameters, central frequengymode intensityy, and line

the time-reversal symmetry. width , for theNth mode can be extracted. A further linear
Polaronic Eect of Excitons in GtlThe PL spectra of tof  as a function df leads to the extracted periodicity of

monolayer Cglshows a large Stokes shift, broad line width120.6+ 0.9 cm® whose energy matches that of Eh&O

2
constant background, N% + C. (b) Histogram
L\ N
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phonon in the phonon calculatiéifsThe broadness of each
mode in the periodic modulation precludes the phonon origins
and instead suggests the electronic origin, for whibtththe
mode is interpreted as Raman scatterirtigeoexciton states
dressed b E, LO phonons, with its energy agreeing Mith
times of the LO phonon energy and its line width dominated
by the exciton line width. The existence of phonon dressed
exciton states is a signature of the polaroeat ef charge
transfer excitons in 2L €rlas well as few-layer and bulk
Crly).

By taking careful temperature-dependent measurements of
the polaronic ect, it is notable that the spectral weight shifts
toward higher order modes in the periodic modulation. To
capture this phenomenon, thied mode intensitéy at every
temperature istted to a Poisson distribution function

N

Ay = AOEST, whereA, is the peak intensity of the original
electronic band) is the peak intensity, andis the e-ph
coupling in 3Di(e, 3p) that can be scaled by a factor 43
for 2D (.e, ,p)°*° (Figure 1B). The temperature depend-
ence of ,5 shows a clear onset at the magnetic onset
temperaturd c = 45 K, and , at 10 K increases by nearly
50% from that abov@&. (Figure 18). The signicant
enhancement of the e-ph coupling in the magnetic state
suggests an intimate coupling among charge, lattice, and spin
degrees of freedom.

From the magnetield-dependent Raman measurements of
the polaronic eect, one can see a spectral degeneracy in thgyre 20. (a) Raman spectra of 2L gacquired at 10 K in the
two circularly parallel polarized channels (RR and LL) at 0 TRR and LL polarization channels with an applied out-of-plane
but a dramatic and opposite dichroism between RR and Lhagnetic eld (B) of 1 T (top), 0 T (middle), and 1 T
spectra at 1 T and1 T (Figure 28). By measuring the (bottom), respectively. (b, c) Plots of the PoissanamplitudeA,
Raman spectra abe steps of the magnetield and tting (b) and the 2D e-ph coupling strengthy, (c) as a function of the
them with the Lorentzian ptes and then the Poisson applleQB in the RR (orange data p0|nt§) and LL (.blue) chann.els.
distribution functions, the overall spectral inteAgiB) in Solid lines are step (orange and blue in b) and linear (gray in c)

. function ts to the magnetic eld dependence of, and p,
the RR and LL channels remains the same Betow 0.7 T respectively. Adapted with permission under a Creative Commons

and _changes abruptly toefient vqlues abolgwith Qppqsite CC BY license from ref20. Copyright 2020 Springer Nature.
relative strength under opposite magnetid directions

(Figure 2B). The magnetic eld dependence @, well

captures the layered AF to FM transitiorBatand the  technique relies on the observation that upeatien from a
dichroic behavior between RR and LL aBpi®consistent  |ayer, characterized by mite net magnetization, additional
with the net magnetization present in the FM state. The e-pbhase arises between circularly polarized photons with left and
coupling ,p however shows no observable magnekit  right helicity, resulting in the rotation of a linear polarization
dependence Hgure 26), suggesting that the interlayer axis between the incident andeoted photons. The RMCD
magnetic order barelyegts the e-ph coupling strength that technique is based on aatence in the absorption cogent
contains the intralayer phonons and excitons. for circularly polarized photons with left and right helicity for a
Although electronic Raman scattering often has a mugfiyer with a nite net magnetization, which creates nonzero
weaker scattering cross section, it provides a perspective toggsular polarization degree withireated light beam.
the electronic dynamics and its coupling to other collective Both types of experiments can demonstrate the existence of

excitations within the system. The polaronéctein Crg net magnetization in monolayer and multilayms as

reviewed here is the beginning of using electronic Ramé#lustrated inFigure 21for Crly crystals. The evolution of

scattering to study 2D materials. the birefringence ects (Kerr rotation angle in MOKE
Magnetic Birefringence and Photoluminescence experiments or circular polarization degree in RMCD

Spectroscopy of 2D Magnetism. Magneto-optical charac- experiment$y with an external magnetield applied
terization of atomically thin magnetic layers has proven to bearpendicularly to the plane of the magnetic layers, uncovers
versatile tool for inspecting the magnetic interactions betweggsteric behavior characteristic of FM interactiondnisr
localized magnetic moments in a crystal lattice. In a genevgith an odd number of layers (1L and 3L presented here). For
view, nonzero net magnetization gives rise to birefringenbgayers and trilayers, an AF interlayer coupling is observed
e ects when the magnetization impacts the polarization staiatil a su cient external magnetield is applied toip the

of photons during rection and/or transmission events. In a orientation of magnetization in individual layer(s). A general
commonly used backscattering geometry, one can realizew of magnetic interactions in tHims of Cri, which arises
MOKE?**! or refractive magnetic circular dichroism (RMCD) from birefringence ects, is that individual atomic layers host
experiments to get insight into the arrangement of magneticagnetic moments that are coupled via in-plane FM
moments in single-layer (1L) or multilayiers. The MOKE interaction and that the character of the interlayer coupling
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Figure 21. Birefringence ects in atomically thin Cgl (a) The measurement of Kerr rotation angle in external magnedit reveals nite
magnetization in Cgmonolayers. The inspection of Cg multilayers demonstrates AF interlayer coupling in (b) bilayers and (c) trilayers.
Panels (ac) adapted with permission from r&f Copyright 2017 by Springer Nature. (d, e) Qualitatively, the same behavior for atomically
thin layers is observed when inspecting MEDAdapted with permission from réf3. Copyright 2018 AAAS.

in N-layers N 2) depends oN. The type of interlayer the band carriers with the localized magnetic moments of the
coupling is likely determined by theedént stacking Cr*ions.
displayed by thin and thick £rims®*? Challenges and PerspectivesMagneto-optical spectros-
Notably, the quantitative analysis of the relation between tigopy techniques have made segmit contributions in _
birefringent eects and magnetization is more challenging ifievealing and investigating emergent 2D magnetic phases in
2D magnets than in their 3D counterparts. For example, up&®th strongly correlated TMD heterostructures and natural 2D
a single reection from a surface of a 3D magnet, the Kenmagnetic atomic crystals.
rotation angle is proportional to the net magnetization ( O_ne the one hand, wh|I_e TMD heterostructures have proven
M) as a result of Maxwsllequations. In case of 2Bns a rich test bed to optically explore emergent correlated
multiple reections from individual layers combined with Ph€nomena in 2D systems, so far the material choices have
potential limitations to the applicability of Masswetjuations been quite limited. This platform is ripe for many discoveries

in atomic scale may lead to much more compléw) of_ unexplqred phase dlagram§ of interacting electrons in
functions. tailored lattices. The robust excitons in TMDs present a large

An alternative probe into the magneticts related to the sensitivity to their surrounding magnetic and dielectric

macroscopic alignment of magnetic moments comes from t gwronment, which, together with their spm—se!ectwe coupling
. . 5 . 0 photons, can help to probe and sense a variety of emergent
inspection of magneto-PLCrl; crystals are formethionic

. . magnetic phases either within the TMD themselves or in other
bonds which lead to a band structure characterizeat by ; .
bands composed predominantly of*Qons d-orbi- nearby 2D vdW materi&iaoptical spectroscopy. The ease of

. the “pick and plagestacking technique characteristic of 2D
227233 239
tals® Consequently, the photoexcited electnofe crystals cers further goals to engineer vdW heterostructures

pairs are strongly localized in a way that the Bohr radiygit enhanced sensing capabilities. For example, although vdw
becomes comparable with the size of a unit cell in the crysialierostructures consisting of a monolayer TMD semi-
lattice. The PL response of {appears therefore, character- conductor and a bilayer/trilayer ferromagnet have allowed to
istically for molecular-like excitation, in form of broad emissiqgnitor the ip in the magnetization of an individual layer in
bands originating from the coupling between the electronige vdw ferromagnet, these heterostructures have not yet
states with vibrational motion of the crystal lattice. Theillowed to disentangle the layer responsible for theispin
observation of the circular polarization degree of the emittedlternatively, a vdW heterostructure in which the bilayer/
light in external magnetields is consistent with the trilayer ferromagnet is encapsulated by TMDs monolayers with
birefringence ects, as illustrated fiigure 2Zor monolayer  di erent energy band gaps would in principle allow to track
Crl;. Such nding is indicative of an eient coupling between down the individual layers responsible for the magnetization
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Figure 22. Photoluminescence bands in;@nbnolayers below Curie temperature display large degree of circular polarization which can be
linked to the emergence of magnetization. A rapid reorientation of magnetic moments leads to the change in the sign of the polarization
degree combined with a hysteric behavior with a coercalé of about 0.1 T, in agreement with analogous observation by birefringence

e ects. Adapted with permission from r&f5 Copyright 2017 Springer Nature.

ips, providing further insight into the layered ferromagnetisenhanced excitopolarons (spin-charge-lattice coupling).
of vdW crystals. Moreover, two of the current limitations of 2ooking at the much broader class of 2D magnets that have
TMD excitons as sensors of magnetic phenomena are the#en and are to be discovered, ranging from lIsing, XY,
response to applied magnesits (e, the excitorg-factors)  Heisenberg, and Kitaev-types to spin liquids, one can exploit
and the energy line widths of the exciton resonances. TMED magnets of dérent kinds to explore interactions among
excitons present typigaactors ofd 4'°“and transform-  muyltiple degrees of freedoms in the 2D limit that cannot be
limited line widths down to 2 meV in the highest quality accessed previously in quasi-2D or 3D magnetic systems. One
samp]e%. _Other excitonic species in TMDs which alsooyd also be driven to quest how the enhanced thermal and
exhibit spin-dependent optical selection rules, but presegfiantum uctuations and the promoted instabilities, inherent
larger gfactors and narrower optical line widths, might,, 2D, would impact the magnetic ground states, spin wave

naturally provide better sensitivity. For example, interlay‘é&citations, and the coupling of spin to other degrees of

excitons localized in the mopmtentlal created by a TMD . fr?edoms. Moreover, one would indeed be curious about how
heterobilayer feature spin- and valley-dependent optical .

transitions with line widths below 108/ andgfactors as ﬁvci);rtzdsg%eﬁa;tlaiicmcgﬁadrotn::;Ir?(t)?mtjgttaruigjremsa%ettrl\‘zn;aﬁe
large agg 162°7?** 245 These localized interlayer excitons 9 '

and trions might prove useful to keep exploring the emergiﬁ'@e'_ the fich phys_lcs in 2D magnets naturally calls for
eld of magnetic phenomena in 2D vdW crystals sophisticated experimental tools to reveal, understand, and
On the other hand, 2D magnetic atomic crystals have showf"trol them. Referring back to the research of quasi-2D and
a wealth of intriguing phenomena that stem out of the intimaté® Magnets, a vast variety of optical, X-ray, neutron, and
interactions among the lattice, spin, and charge degreesti@nsporttechniques have been exploited to uncover the nature
freedom, yet much @t so far has been focused on C|assicapf their magnetism. Due to the I|m|tat|0n from the Samp|e Size
spin systems. Even though examples surveyed in this sec8br?D magnets, X-ray, neutron, and bulk transport probes
focus on the archetype 2D magnet, Grlalready presents become no longer feasible here, whereas the optical spectros-
interesting phenomena including magnetism-induced stru@py and nanotransport techniques remain active ieldhe
tural phase transitions and vice versa (sgiice coupling), = One may go well beyond the linear magneto-optical spectros-
time-reversal symmetry broken static magnetism-coupledpy discussed here to apply nonlinear optical techniques such
phonon modes (spin-phonon coupling), and magnetismas multidimensional coherent spectroscopy that are suitable in
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Figure 23. (a) MOKE maps of a Grmonolayer at external magnetields of 0, 0.15, and 0.3 T. Adapted with permission frombref
Copyright 2017 Springer Nature. (b) Kerr rotation signal fop,Ge,Te; bilayer ake under 0.075 T as the temperature decreases from 40 to
4.7 K. The average background signal has been subtracted and the signals are truncateddat/Afapted with permission from réf
Copyright 2017 Springer Nature. (c) Pump-induced Kerr rotation as a function of ppnofpe delay time in bilayer Cylinder di erent in-
plane magneticelds. Adapted with permission from r&8. Copyright 2020 Springer Nature. (d) (iii) lllustration of the wideld MCD
experimental setup. Blue and red beams represent illumination light from the laser and scattered light from the sampleresth di
e ective numeric apertures. HWP: Half-wave plate. QWP: Quarter-wave plate) @ptical microscopy image (ii) and polarization-
enhanced MCD image (iii, iv) of a monolayer CsBwhite dashed box). The MCD image shows giant optical contraste@®®s for the
positive (iii) and negative (iv) remnant magnetization. Adapted with permission fror@d@fCopyright 2020 Springer Nature.
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Figure 24. (a) STXM images show the initial labyrinth domain states stabilized at 120 and 100 K transformed to the magnetic skyrmion

lattices induced by bipolar pulse bursts. The other two imag& at0 mT were acquired after removing the exterrglds. (b) Lorentz

TEM images of magnetic skyrmion lattices taken at the sample tilting ang0d{left), 0° (middle) and 20 (right) with respect tox-axis

as illustrated in the upper panelsBt= 40 mT and 160 K, respectively. Panels (a) and (b) are adapted with permission fr&® ref

Copyright 2021 American Physical Society. (c) (i) Overfocused Lorentz-TEM images of the skyrmion bubbles taken at 93 K and in zero-
eld. (i) An enlarged in-plane magnetization distribution map obtained by transport of intensity equation analysis for a selected skyrmion

bubble indicated by the white dotted box in (i). (iii) Simulation of skyrmion lattices at an out-of-plaite of 60 mT. Adapted with

permission from reR5. Copyright 2020 American Chemical Society. (d) Schematic diagram oélatyye skyrmion on a tilt sample for

Lorentz TEM imaging (left). The orange and blue circles are for positive and negative magnetizatiordaiectipn, respectively. Brown

arrows indicate the in-plane magnetization component, while gray arrows indicate the Lorentz force. Lorentz TEM images (right)

observation of skyrmion lattice from under focus to over focus on YUk Fe;GeTe samples at 180 K with aeld of 51 mT. Adapted

with permission under a Creative Commons CC BY license froAteCopyright 2020 Springer Nature.

capturing the spin, charge, and lattice degrees of freedom gmiinary characterization of vdW magnetic materials because

disentangling their coupling in 2D magnets. they are easy to implement in ordinary laboratories and have
nearly no limitation on work temperature and locally applied
MAGNETIC IMAGING magnetic eld. These methods are based on magnetization

Magnetic imaging techniques play an important role inlependent response to light, for example, MOKE and MCD.
studying vdW magnetic materials. With optical, electroMOKE is one of the magneto-opticeats, which is based on
beam, and nanoscale physical probes, these technéques ¢he e ect that the polarization of eeted light changes as a
spatially resolved information on sample magnetization. Thgction of sample magnetization. The case of transmitted light
microscopic magnetic projies can be unambiguously is called the Faradayeet, which is seldom used because it
determined from these measurements upon systematicdiiguires a transparent sample/substrate. MCD refers to the
varying conditions ducas external magnetield or di erence in absorption of left and right circularly polarized
temperature. In this section, we review magnetic imagitight by a material with a magnetization direction parallel to
techniques that have been used to explore the vdw magndtie light propagation direction. Actually, both MOKE and
materials in the past few years. Weybimgroduce the basic MCD originate from spin-dependent electronic states of the
physics and applications of these techniques and discuss th&ignetic material, which results in an anisotropic optical
strengths and limitations. Indeed, a comprehensive study pErmittivity. Both MOKE and MCD can be phenomenolog-
vdW magnets requires quantitative measurement at nanosdéeddly understood as a manifestation of imaginary and real parts
and even atomic scale for both static and dynamic magnef-magnetization-dependent optical permittivity tensor.
ization (up to THz). However, no single magnetic imaging With laser scanning MOKE, Huagigal measured the
technique can satisfy all these requirements. Multipl@agnetization of Grand observed FM order in monolayer
techniques are needed to obtain a complete understanding@i; and AF order in bilayérand Gonget al showed that
materials. Cr,GeTe; remains a ferromagnet down to bilayergu(e
Optical Detection Methods. Optical detection techni- 23).° The Curie temperatures of monolayes @% K) and
ques using visible and UV light are most widely used in ther,GeTe; (30 K) are lower than that of their bulk material,
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Figure 25. (a) STM images of a CeBrim with adjacent monolayer (1L) and bilayer (2L) regions and spin-polarized tunneling signals on
the bilayer regions as a function of magnet&dd. Adapted with permission from réD. Copyright 2019 AAAS. (b) Antiferromagnetic
domain patterns in MnBTe, measured with MFM. Adapted with permission from288 Copyright 2020 American Chemical Society. (c)
Schematic illustration of the pulled quartz tube with two Nb or Pb superconducting leads connected to Au electrodes and image of a Nb
SQUID-on-tip device. Inset: Magréd view showing the superconducting loop on the apex of the tip. The bridges that reside in the gap
regions between the leads form the two weak links of the SQUID. Adapted with permission fteiid. ©@bpyright 2013 Nature Springer.

(d) Gradient magnetometry signal associated with the fully polarized twisted bilayer graphene device. Adapted with permissi@bfiom ref
Copyright 2021 AAAS. (eg) Magnetic images obtained with scanning NV magnetometry. (e) Magnetization image of bilayer/trilgyer Crl
adapted with permissions from r2i. Copyright 2019 AAAS. (f) The magnetic domains in bilayer gelapted with permission under a
Creative Commons CC BY license from 286 Copyright 2021 Springer Nature. (g) Stragld map of a magnetic skyrmion in the CoFeB
system adapted with permission under a Creative Commons CC BY license fra&Y.r€opyright 2018 Springer Nature.

which are 60 and 70 K, respectively, indicating an enhancedesides MOKE and MCD, SHG, Raman spectroscopy, and
spin uctuation in intrinsic 2D systems. Later, electrical contrgdolarization resolved PL have also been used to probe the
of the magnetic order in atomically thinsGras been  magnetic orders of chromium trihalidés**’ All these
demonstrated using MCB™* A certain challenge for both techniques have been proved to be powerful tools to probe
techniques is that the MOKE and MCD signal level from vdwdW magnets down to the monolayer witradtion-limited
magnets only results in a relative change of the total detectid@tial resolution.

signal in the order of 10to 10°. SiQ/Si substrates also A much higher spatial resolution can be achieved by using

contribute a disturbing background. The signal-to-noise rafgicD; which is based on measuring the asymmetry in X-ray
sorption spectrum (XAS) upon exciting the atomic core

can be improved by using lock-in detection in laser scanni ) X ; .
imaging setu$§°*! The laser scanning setup can be easily els with the left and right circular polarized X-rays. XMCD

adapted 1o a femtosecond pummbe scheme. This enables 2" be realized with many detection methods, for example,
P . X PUITID S . photoemission electron microscopy (PEEM) and scanning
the observation of high-frequency magnetization dynami

i ) Pansmission X-ray microscopy (STXMy(re 2} Li et al
such as spin wavédhe recent development of single photon imaged the magnetic structure igGede akes with PEEM

level sensitivity electron-multiplying CCD cameras allows 9,4 ohserved unconventional out-of-plane strip domains down
reduce to laser power in the wigd illumination MCD SOt 14 nm-thick akes. They found that patternalles show a

that laser heating ects can be suppressedefial imaged  transition to an in-plane vortex phase above the Curie
spin uctuation in monolayer Cgirsing a a wideeld MCD  temperature of the patterneakes (230 K), which persists
with time resolution of about 10 ?ﬁ%.‘l’hey observed the even at room temperature. Patrlal used STXM to observe
usual strong critical slow down of sputtuation and  the formation of Nal-type chiral magnetic skyrmions in thick
demonstrated magnetic states switching using electrostdgGeTe akes® They demonstrated that bipolar pulse
gating . injection can induce a transition from labyrinth random
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domain states into Metype magnetic skyrmion lattices. magnetic elds. Both the stray magnettd and the magnetic
Further on, they imaged the current-driven motion ofinduction of the sample contribute to the electroactien.
skyrmions. We note that the applications of magneto-opticll some cases, these contributions may cancel out each other
sum rules allows for the separation and the determination afid result in no net dection. This also makes the
both spin and orbital magnetic moments of each constituetterpretation of the magnetic image challenging.
element in multicomponent systems . The limitation of XMCD Scanning Probe Microscopy. Scanning probe micros-
is that it requires X-ray synchrotron radiation as a light sourcepy (SPM) is a family of surface analysis tools that form high-
and samples should be prepared on special thin substraspatial-resolution images by scanning a physical probe over the
(e.g.,200 nm-thick,8l, membrane substrate in 2€j. sample. Spin-polarized scanning tunnelling microscopy (SP-
Electron Microscopy. Electron microscopy has high STM) uses a magnetized tip, which results in a spin-dependent
spatial resolution because the wavelength of an electramnelling probability. This technique allows both atomic scale
(0.037 A for 100 keV,0.009 A for 1 MeV) can be much smallémaging of the crystal structure @ngitudetermination of the
than atomic distances. Scanning electron microscopy (SERtagnetic order, which is crucial to investigate the stacking
with polarization analysis can image the magnetic microrder dependent magnetism in chromium trih&fiti@gith
structure at nanometer scale by using the spin polariz&P-STM, Chert al.imaged the atomic structure in GrBr
secondary electrons emitted from the surface of a magnetitayer and found that the two layers can be aligned either
material when it is hit by a primary electron beam. edier  parallel or antiparallel, and exhibit AF and FM order,
used this technique to observelNpin spirals at the surface respectivelyRigure 25%° In this work, they grow the CgBr
of bulk FeGeTe and determined its periodicity to be 300 Im on freshly cleaved highly oriented pyrolytic graphite
nm?*®The disadvantage of this technique is that it can only bgubstrates by MBE. We note that the SP-STM usually works
applied to conducting magnets with clean surfaces and requindgth a tip-to-sample distance of21nm or smaller and
ultrahigh vacuum conditions to avoid degradation of electrarequires electrically conducting sample/subseatewould
polarization. The integration time of this technique is relativelye a challenge to probe vdW magnetic insulator with SP-STM.
long due to the low intensity and lowcincy polarization Magnetic force microscopy (MFM) is a variant of atomic
detectors. force microscopy (AFM) for studying surface magnetic
LTEM generates magnetic images using thetien of properties. It is based on the noncontact mode AFM while
high-energy (10@000 keV) electrons transmitted through using a magnetized tip. The magnetic contrast is obtained by
the sample caused by the Lorentz force on its trajectory. Tlabtraction of images obtained in a dual-pass scan scheme:
electron deection forms an image contrast under certainl he surface topography is recorded by measuring the repulsive
experimental cogurations, such as the conventional Fresneforces, and then in the second scan the repulsive forces are
and Foucault mode, electron holography, and theemufial recorded with the tip lifted up by a constant distance above the
phase contrast mode. It has been shown that only thgreviously measured surface lproViFM has relative high
magnetization curl component parallel to the electron beagpatial resolution determined by the tip geometry and lifted
direction contributes to the magnetic contrast. Therefordjeight ( 100 nm). Feet al directly imaged magnetic domains
Neel-type domain walls or skyrmions can only be visualized bty a thick FgGeTg ake with MFM and recorded their
tilting  the sample because of the lack of out-of-planevolution upon sweeping the magnetid’” These results
magnetization curl. This also makes Lorentz TEM a powerfaén explain the sudden jump of MOKE signals in hysteresis
tool to distinguish the Metype and Bloch-type magnetic measurements. Sassl showed that MFM can be used to
textures. With this technique, three groups indecently reportgitectly image antiferromagnetic domain walls in thgTénBi
topological magnetic textures observed in thigkeTFe family and the Dirac semimetal EuMfBiWe note that
ake$>2%4°parket al® determined the chirality of magnetic MFM has also been used in other works and successfully
skyrmions observed via the STXM to be @l j@e and  revealed the domain structures in thick vdW méagfiéts.
showed its origin to be the Dzyaloshinskii-Moriya interactiortdowever, MFM is an invasive probe because it relies on the
(DMI) 2°%%%% induced at the oxidized ;5eTe interface.  interaction between the magnetic tip and the sample. The tip
Wanget af*°also observed Hetype magnetic skyrmions but magnetization should be reduced to avoid disturbing the
argued DMI in the Te/RGe/Te slabs as a source of spin magnetic structure, at the expense of sensitivity. The
chirality. Dinget al showed the skyrmion bubbles form vortex-electrostatic interaction between the tip and sample should
like domains with Bloch-type chirality which might be thealso be minimized in magnetic imaging.
result of competition between the perpendicular magnetic In principle, it is possible to obtain quantitative magnetic
anisotropy and magnetic dipal@ole interaction. We note  eld information in MFM measurement. But this requires a
that the mechanism that forms Skyrmions in thigkeffe sophisticated measurement process and system calibration.
akes is still under deb&téWuet al found that the DMl and ~ Scanning probe magnetometry with nanoscale magnetometers
topological spin textures can be induced by spin orbit couplifig an elegant solution to directly measure the maggiettic
proximity at the RG&eTe/WTe, interface by transport above the sample surface. Among all the traditional magneto-
experiments. They successfully imaged-tyye magnetic ~meters, the superconducting quantum interference device
skyrmions in thick E8eTe and few-layer WJehetero- (SQUID) o ers the highest sensitivity. The recent progress
structures with Lorentz-TEe%\?l. in nano-SQUID makes it possible to achieve high spatial
Lorentz TEM suers from a number of drawback. The resolution images in a scanning probe geometry. The state-of-
electrons scattered by nuclei and the core electron of tfige-art nano-SQUID can achieve device diameters down to
sample generate a distugbibackground, limiting the about 50 nm, while still ering a magnetield sensitivity of
maximum sample thickness to B0 nm. In addition, the  sub-100 nTA/Hz.?>*This technique has been used to observe
ability to probe atomically thin vdW magnets has not beethe orbital FM order in twisted bilayer graphénand
demonstrated yet. It is also challenging to apply high exterregjuilibrium currents of individual quantum Hall edge states in
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graphene monolayérsThe scanning nano-SQUID can work rmions in a CoFeB system bing the gauge. In &f and ref
at sub-Kelvin temperatures and in high mageédig of over 256 the magnetization reconstruction is based on the out-of-
2.5 T. However, it is challenging to use nano-SQUID at higblane spin assumption supported by previous studies.
temperature (>10K) limited by the low-temperature superHowever, solutions for the general case are unexplored.
conducting material of the probe.

The nitrogen vacancy (NV) center in diamond is aMAGNETIC AND ELECTRICAL TRANSPORT
promising candidate to realized nanoscale magnetGtetry CHARACTERIZATION

The spin state of NV center can be easily initialized anglhe discovery of intrinsic long-range magnetic order in atomic
readout with a green laser and coherently manipulated Wiﬁ'ﬁ‘onolayer magnets has triggered smmti interest in the
microwave elds. Interestingly, the NV spin state has longyndamental 2D magnetism and spin-related applications. In
relaxation and coherence time, and hilglity single spin  order to understand the magnetic behavior in 2D thin samples
control can be realized at temperatures from cryogenic to rog4Rd in nanostructures, it is necessary to probe the nature of
temperature. It has been demonstrated as a high sensitififygnetism in crystals and itsugnce on electrical transport
magnetometer for magneteld with frequency range from properties. Here we survey the current status of magnetocaloric
DC to several GHz at a broad temperature range. Devices @r@ct in the vicinity of magnetic transition temperature in 2D
operated in a scanning probe geometry using a diamond praRf;/ magnetic crystals. We also present a review of electrical

with a single NV center, which can simultaneously obtain thgansport properties of the itinerant and exfoliable ferromagnet
sample surface pte and magneticeld information in a  FeGeTa.

single scan. Thiet al and Suret al.independently studied Magnetocaloric E ect. The magnetocaloric ect dis-
few-layer Cgl and CrBs with cryogenic scanning NV cernedvia adiabatic temperature change or isothermal
magnetometry:=> In both works, the stray magnetad magnetic entropy chang&, is an important property of

is mapped by measuring the frequency shift of NV electrqarromagnets that can be used for magnetic refrigeration, which
spin resonancea the so-called optically detected magneticis 3 promising and environmentally friendly energy conversion
resonance, and the quantitative magnetization images @ehnology®> “°® The magnetic entropy chang8, is also
obtained by reverse-propagation protocols. The spatighrrelated with the critical behavior of the phase trantion
resolution achieved in these works is abo@&®B0Om, limited magnetization isotherivH) and specic heatC,(T). The

by the distance between the NV center and the sample surfaggnetic entropy chang&,(T, H) induced by the external
Thiel et al determined the magnetization of, @rlbe about eld is

16 g/nm? for odd number of layers while vanishing for even " 9y

number of layers. These results are consistent with layer- s,(T, H = [ $TH Hdd [ MTHM] T, dH
number-dependent magnetism reported by Hearaf 0 0

Moreover, by studying a sample punctured unintentionally byith the Maxweéd relation [JTH)/ H]: = [ M(TH)/

a diamond tip, it was found that at structural roations can ~ T],,.2°%*" In the case of magnetization measured at small
induce switching between FM and AF interlayer orderingliscrete magnetield and temperature interval§,(T, H)
Latter, Suret al determined the magnetization of a CrBr could be practically approximated as

bilayer to be about 26g/nm? and imaged the magnetic " H

domain structure formed in a thermally demagnetized sample. S«(T. H = Eo M T.y H dHS , MTH d"g TS
They studied the domain evolution upon varying the external

magnetic eld and directly imaged the domain wall pinning at The parameters ¢f Sy(T, H)| curves follow a series of
defect sites. The DC magnetic sensitivity achieved is about 38wer laws dependent on treéd a§ (T  H, twm

nT/ <Hz. In the room-temperature measurement, Eabfe HP, andRCP HS wherd §;( T) is the maximum of the
characterized the vdW magnet GrTlein ake and | Su(T, H)|, twhmis the full width at half-maximum, and

determined the magnetization to [ kA/m for a 20 nm-  Rcp= | S Y% rwnm is relative cooling powér?’?
thick ake’®' These works highlighted scanning NV magnetoThe magnetic entropy change parameters dirediitical
metry as a powerful tool to quantitatively st%gy% Staliexponents; this can avoid the multistep nonlingiag
properties vdW magnets. A recent work by &toaif induced deviation in the moeil Arrott plot and Kouvel
that studies the electron transport in Wilising echo  Eisher plot (seblagnetic Critical Behaviection for details).
magnetometry shows that it is feasible to study the dynamjge exponents b, andcaren=1+( 1)/( + ),b=1/
magnetization properties with scanning NV magnetometry.  gndc= 1 + 1/, respectively, where , , and are
Although scanning nano-SQUID and scanning NV magneritical exponents; the reference temperature of the peak
tometry can provide quantitative information on the magnekntropy change should scale with.4 T, can be obtained
ism, it takes a long time to obtain a whole image. In the casg§m the magnetic specheat changeC,(T, H) = C(T, H)
where the spatial resolution is not that crucial, NV microscopy CAT, 0) =T Sy(T, HY T2 With the decrease in

based on ensemble NV centers implanted in a plane closeddgperature, G, changes from positive in the paramagnetic to
the diamond surface can be used to reduce the measuremgajative in FM phase. At the critical pdintall cy(T)

time”** A common challenge for magnetic imaging techniquesrves cross over the zero point. The entropy
that probe magneti@ld is the magnetization reconstruction

T .
problem. Generally, the solution of magnetization reconstrug-1» H) =, G{T, H)/ TdT and the §, induced by the
tion does not result in a single solution. Dovzhehlad external eld should be Sy(T, H) = Sy(T, H)  S«(T, 0).
discussed this problem for scanning NV magnetometry afthe adiabatic temperature changgy caused by theeld
showed that arbitrariness of the solution can be attributed tthange can be indirectly determindg (T, H) = T(S H)
gauge-like degree of freedom as in electromagnéfitiey T(S 0), wherd (S H) andT(S 0) are the temperatures in the
determined the magnetization distribution of magnetic skyeldH 0 andH =0, respectively, at constant total ent€opy
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Figure 26. (a) Crystal structure of @36, Te;. (b) Temperature dependence of magnetization foyG&yTe; measured irH = 1 kOe. Inset:
Field dependence of magnetizatiorTat 2 K. (c) 2D Ising model plot of isotherms aroufd. (d) Modi ed Arrott plot of MY versugH/
M)Y with = 0.194 and = 1.36. The straight line is the lineat of isotherm atT = 62.5 K. (e) Temperature dependence of the

spontaneous magnetizatid (left) and the inverse initial susceptibilityoél (right) with solid tting curves. (f) Kouvel Fisher plots of
M{dM{ dT > (left) and  >*(d 3% dT>* (right) with solid  tting curves. (g) IsothernM versus Hplot collected aff = 62.7 K. Inset: The
same plot in loglog scale with a solidtting curve. (h) Scaling plots of renormalized magnetizationersuseenormalized eld h below and

aboveT, for Cr,Ge,Teg. Inset: The rescaling of thil(H) curves byMH Y versusH YC ). All panels adapted with permission from ref
279 Copyright 2017 American Physical Society.

According to the principle of universalit,(T, H) can be Cr,GeTey crystallizes in a quasi-2D layered structure
scaled into a universal curve independent of the extern@igure 28), in which the Cr ions are located at the centers
eld?’? It is constructed by normalizing all theS, curves  of slightly distorted octahedra of Te atoffis° When
against the respective maxirémﬁ“,,‘ax, namely, S,/ compared to GBLTe;, Cr,GeTe; features smaller vdW gap,
by rescaling the temperaturge ned as = (T, T)/( T, larger cleavage energy and larger in-plane nearest-neighbor
T), T<Tand ,=(T TJ(T, TJ T>T,wherel, Cr Cr distance, which enhances thefrom 32 K for
andT,, are the temperatures of the two reference points belo@>SbTes to 61 K for CsGeTeg (Figure 2B). The isothermal
and above, respectively. Her§, andT,, are dened as  data with 2D-Ising model & 0.125 and = 1.75) Figure
SA(Tw T) = $22. Agood scaling and convergence of 26c) show a set of relatively parallel straight lines, in contrast
S(T, H) curves indicates that the magnetic phase transitiofp di érent 3D models (not shown heréjgure 28 shows
is of a second-order tyg&.Then, the S,(T, H) curves the nal modl_ed Arrott plot genera_ted by using Q.194 and
should follow the scaling equation of $taM = f( /MY ), = 1.36, rapidly converged by a rigorous iterative method and

where the S,(T, H) can be rewritten in the form of,(T with the adoption of 2D Ising model as an initial niddel.
H)=H® Y g /HY ), where critical exponentand can  The nally obtainedM{T) and J*(T) are plotted as a
be obtained by Rushbroskiaw =2 2 and = . function of T in Figure 26. The power lawt gives =

Magnetism in Bulk 2D vdW Magnets. Ferromagnetic ~ 0.196(3),T, = 62.64(2) K fofT < T;and = 1.32(5),T.=
order in ultrathin crystals was reported in a monolayer Cr62.66(9) K forT > T, (Figure 26), very close to the values
and in a few-layer @gTe,>° These discoveries were soon = 0.200(3) withT, = 62.65(7) K and = 1.28(3) withT, =
followed by many others including insulating ;C@ZBg, 62.75(6) K generated from the Kouwéher plot Eigure
Vl;, MnP3, FeP$ and conducting monolayers such as2€). The critical exponent= 7.96(1) determined from the
FeGeTe and CrTe exhibiting magnetic order close to or critical isotherm analysisTat 62.7 K Figure 2§), matches
at the room temperature>19120212234276 278 prohing  reasonably well with the calculated values7.73(15)/
magnetic order in ultrathin crystals is beyond the reach @f40(5) by using the Widom relation 1 + / with and
conventional magnetometry. Thus, several, mostly opticahtained from the modid Arrott/Kouvel Fisher plot. The
methods have been used to probe the magnetic state in mosealedn versuswell collapse into two separate branches, one
and few-layer crystals such as MOKE, Ramectjoe MCD, belowT, and another abovie (Figure 2B), respectively, as
polarization-resolved PL, and NV-center magnetometry (seell as thMH ¥ versusH Y( ) which collapse into a single
Magnetic Imagingection). Here we summarize an extensivecurve (inset irFigure 2B). This clearly indicates that the
magnetization measurements used to investigate the crititaeractions get properly renormalized in a critical regime
behavior and magnetocalorieat in 2D vdW crystals on the following the equation of state scaling.
example of GGeTe;. Estimate of universality class to which Considering the intrinsic correlation between the magnetic
the material belongs gives an important starting point for thentropy changé (Sy|) and critical behavior near the magnetic
understanding of magnetic state in bulk and in nanofabricatptiase transition, the critical exponents , andT, can also
crystals. be deduced from the magnegtd-dependent Sy(T, H)|
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Figure 27. Temperature dependence of|(ahy| and (b) C,indi erent elds withH ¢ Field dependence of parameters frong,(T)|
with the tted curves: (c] S3*{ T, (d) Tswnm and (€)RCP versus Hith the tted curves; (f) Modi ed Arrott plot based on the obtained
critical exponents. Scaling of theS,(T, H)| curves: (g) normalized S,(T, H) as a function of (inset givesT,; andT,, as a function of
H); (h) S/ HE Y versus/HY . All panels adapted with permission from &0, Copyright 1998 American Physical Society.

without the use of any initial models. Thg,(T, H)| curves equation is adjusted for dient set ofd:n} so that it yields a
in di erentH are depicted ifigure 2{@). The precise value value for close to that observed experlmerﬁ%ﬁlyere dn}
of T, = 66.7 K can be determined by the zero point of= {2:1} and 1.5 1.6 implies that the spin interaction in
magnetic sped heat change C, (Figure 2B). The eld Cr,GeTe; is of a 2D lIsing type coupled with a long-range
dependence of magnetocaloriece parameteis §;2{ 1) , interaction. This long-range interaction might be associated
wwhm andRCPare plotted irFigure 2€ e, where the power- Wwith a non-negligible interlayer and strong $gitnce
law tting gives) = 0,575(9)p = 0.524(3), and = 1.902(1),  coupling®® 2
respectively. Then the critical exponents can be calculated as Critical exponents and magnetocaloricte parameters
=0.177(9), = 1.746(8), = 10.869(5), and = 1.907(3), obtained by dierent methods for related 2D vdW magnets are
which avoids the multistep nonlinedting described summarized iffable 7 In a comprehensive study of critical
previously. The generated mediArrott plot illustrates the exponents for 2D magnets Tarenial concluded that the
reliability of the obtained critical exponents, in whidWithe  critical exponentfor a 2D magnet should be within a window
versugH/ M)Y curves show a series of lines parallel to each0.1 0.25%'° The critical exponents of SkTeg; are
other (Figure 2f). Good collapse and overlap of rescaledclose to those of @3eTe;, indicating 2D Ising-like behavior
curves around, further conrms the reliability and validity of coupled with a long-range interactitab{e 7. In contrast to
critical exponents obtained by the magnetic entropy chan@s,(Si/Ge),Te;, the critical exponents of bulk £€r, ,Te,
method Eigure 2@,h). Critical exponents calculated by FeCgTe, and FgGeTe crystals exhibit 3D critical scaling
di erent methods should agree with each other and shosince those compounds possess smaller vdW gaps, giving rise
self-consistency for a certain type of phase transition becatsenuch stronger interlayer couplifigk{le §. In CrX; (X =
the critical behavior is independent of the microscopic detailsl, Br, and 1), the CrCr distances increase with increasing

It is also important to understand the nature as well as thealogen size, the direct exchange should weaken from Cl to Br
range of interactions in G Te, In renormalization group to I. Therefore, the superexchavig€€r-X-Cr is expected to
theory analysis the interaction decays with distasde) be FM and plays a more important role in magnetic
r (®) where is the range of interactigttAccording to this  interactiorf>®> Moving form Cl to Br to I, more covalent
model, the range of spin interaction is long or short dependirgy X bonds strengthen superexchange interactions and raise
onthe <2or > 2;andthe meareld model is satisd ordering temperatures. They also increasespincoupling,
when 3/2. The susceptibility exponentalculated from  which may account for the large magnetic anisotr@nCl,

renormalization group approach is and Vj} are situated close to a 2D to 3D critical point (
8(n+ 2)(n 4) 0.25). A similar cr_itical_ phase transigtj%]1 é:rossover from 2D to
ﬁi - = 3D is also found in NiR@nd MnP&>~">*° Furthermore, a
d d’(n+ 8)? tunableT, of 150 220 K for F¢ GeTe strongly depends on
ZG(E) (Tn+ 200§ the Fe deciency, suggesting the role of Fe occupancy in the
B S A — magnetic exchange. However, the obtained critical exponents
(nS4)(n+8) for this family show a robust 3D Heisenberg-type spins

coupled with a long-range interaction; the range of interaction
(= d A\ _ o= 1 & 2280 ranges from 1.6 to 1.89 with decrease in Fe comteié (
where = ( S E) andG(E) =3S i% ~7To ndout 7t js interesting that the Fe vacancy has sneall en the
the range of interactioras well as the dimensionality of both universality class of the critical behaviagGeHe also
latticed and spim in Cr,GeTeg, the parameter in above exhibits 3D Heisenberg-type magnetic exchange with long-
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Table 7. Comparison of magnetocaloriceet parameters and critical exponents of indicated vdW magnetic materials

materials field ref  technique * RCP Tag T Jr)
Cr,SiTes H ab 287 MH 4.9
H ¢ MH 505 114
288 MAP 0.170(8) 1.532(1) 10.01¢8) 30.95(20) r 36%0
KFP 0.175(9) 1.562(9) 9.93(86) 30.97(16)
Cl 9.917(8) 31
287 MAP 0.169(4) 1.33(8) 8.9(3) 32.0(4)
KFP 0.178(9) 1.32(4) 8.4(%) 32.2(4)
Cl 9.28(3) 32
Cr.GeTe; H ab 287 MH 2.6
H ¢ MH 2.64 87
289 MH 3.21 94.3
279 MAP 0.196(3) 1.32(5) 7.73(1%) 62.65(7)  r 352
KFP 0.200(3) 1.28(3) 7.40@8) 62.70(12)
o] 7.96(1) 62.7
280 MEC 0.177(9) 1.746(8) 10.869¢%) 66.4(3) r 3592
290  MAP 0.242(6) 0.985(3) 5.070(8) 67.93(7)
KFP 0.240(6) 1.000(5) 5.167¢8) 67.90(8)
Cl 5.032(5) 67.9
291  AC 0.35 1.43 5.24 62.84
Crly H ab 292 MH 2.68
H ¢ MH 424 1226
SH 5.65 2.34
293 MAP 0.284(3) 1.146(11) 5.04¢%) 60.42(8)  r 4%
KFP 0.260(4) 1.136(6) 5.37(8) 60.24(26)
Cl 5.32(2) 60
294  MAP 0.325(6) 0.825(3) 3.538(8) 64.02(7)
KFP 0.323(6) 0.835(5) 3.585¢8) 63.99(9)
Cl 3.569(4) 64
SH 0.11
CrBr, H ¢ 295  MH 7.2 191.5
SH 6.91 2.37
CrCh H ab 296 MH 14.6 340.3
H ¢ MH 13.8 317.3
H ab 297 MH 19.8
H ¢ MH 19.5
SH 6.8
H ab 296  MAP 0.26(1) 0.86(1) 4.31(9 19.11(10)
KFP 0.28(1) 0.89(1) 4.18(8) 19.18(37)
Cl 4.6(1) 19
Vi, H ab 298 MH 2.27
H ¢ MH 2.64
SH 2.80 0.96
H ab 299 MH 2
H ¢ MH 3
298  MAP 0.244(5) 1.03(1) 5.21(#) 50.04(10)
Cl 5.24(2) 50
299 MEC 0.204(8) 1.65(7) 9.09¢H
MAP 0.155(7) 1.04(2) 7.70%) 45.31(13)
KFP 0.146(1) 1.07(7) 8.32(8) 45.32(12)
Cl 7.78(8) 45
AC 0.12(3) 0.92(4) 8.30(4)
FeeeTe H ab 300 MH 1.26
H ¢ MH 1.44 1133
SH 1.20 0.66
301 MAP 0.374(1) 1.273(8) 4.404(3) 151.27(1) r 48
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Table 7. continued

materials field ref  technique * RCP Tag T Jr)
KFP 0.372(4) 1.265(15) 4.401%®)  151.25(5)
Cl 4.50(1) 151
Fe.GeTe H ¢ 302 MEC 0.361(3) 1.736(7) 5.806(8) 157.2(2)
H ab MEC 0.714(3) 1.243(7) 2.741(1) 158.5(2)
FesGeTe H ¢ 303 MAP 0.361(2) 1.225(2) 4.39() 193.68(26) r 48
KFP 0.363(4) 1.228(4) 4.3809) 193.77(11)
Cl 4.41(3) 194
FeGeTe H ¢ 304  MAP 0.327(3) 1.079(5) 4.30) 215.13(8) r ¢
KFP 0.322(4) 1.063(8) 4.3007) 215.15(21)
Cl 4.261(9) 215
FeGeTe H ¢ 305 MAP 0.351(1) 1.413(5) 5.02(8) 273.82(10) r 4916
KFP 0.346(4) 1.364(9) 4.9400) 273.86(19)
Cl 5.02(1) 274
t-CrsTeg H ab 306 MH 1.39
H ¢ MH 173 131.2
307 MAP 0.314(7) 1.83(2) 6.83(7 230.76(9)  r 4%
KFP 0.315(7) 1.81(2) 6.75@) 230.65(26)
Cl 6.35(4) 230
308  MAP 0.362 1.399 486 220.1 r 4949
Cl 4.83 220
m-CrTe; H ¢ 309 MAP 0.327(4) 1.26(1) 4.9(9 221.82(44) r 4%
KFP 0.321(7) 1.27(2) 4.9 221.7(7)
Cl 4.86(4) 222
MH 2.38 143
Cr,Tes H ¢ 310 MH 2.42
H ab MH 2.58
MAP 0.388(4) 1.290(8) 4.32(8) 318.88(24) r 485
KFP 0.387(9) 1.288(5) 4.32(9) 318.74(26)
Cl 3.93(8) 318.7
FeCpTe, H ¢ 311 MH 1.92
MAP 0.33(2) 1.20(1) 4.6 122.8(4) r 488
KFP 0.30(1) 1.22(1) 5.1(8 122.6(7)
Cl 4.83(6) 123
Mn,ShTes H ¢ 312 SH 2.94 1.14
H ab MH 2.53
312 MAP 0.41(2) 1.25(1) 4.05(%) 74.23(4)
KFP 0.41(1) 1.21(2) 3.95@) 74.27(15)
Cl 4.29(5) 74
Cros\NbS H ¢ 313 MAP 0.370(4) 1.380(2) 4.72967)  126.3(7) r4e
Cl 4.853(6) 126
314  KFP 0.346(40)  1.344(2) 4.88(4%)  130.78(8)
Fe.das H ¢ 315  MAP 0.460(4) 1.216(11) 3.64€%) 100.67(3) r 4™
KFP 0.459(6) 1.205(11) 3.63) 100.69(5)
Cl 3.69(1) 100.7

3The MEC, SH, MAP, KFP, and ClI represent the magnetic entropy changeheatechodied Arrott plot, KouveFisher plot, and critical
isotherm, respectively.

range interaction decaying Ja3 r 4916 (Table 7. In structure promises the robust interlayer coupling as well as a
Mn;SiTe,, a 3D analog of €3, Te;, some Mn atoms reside 3D long-range magnetic interactiorzurther investigation
in the vdW gap, similar to intercalated TMBE° Such on the size-dependent properties is of interest. In addition, we
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Figure 28. (a) Schematics illustrating the combination of two structural matfsthat of transition-metal dichalcogenidéMC, (TM,

transition metal; C, chalcogen) together with that of body-centered cubic iron to form Fe-rich vdW coupled ferromagnets of composition
FeGeG. (b) Three stable structures within the f&eTe series with the valuas= 3, 4, and 5 which were previously idertil throughab

initio calculations. FeFe dumbbells are the common structural units that form multiple-layer Fe-rich slabs stacked through vdW-like
coupling. Asn increases, the number of nearest Fe neighbors per Fe atom gradually increases, which is expected to enhance the pair
exchange interaction and, thug, All panels are adapted with permission under a Creative Commons CC BY-NC 4.0 license #8m ref
Copyright 2020 AAAS.

Figure 29. (a) Magnetic susceptibilityas a function of the temperatufiefor a FeGeTe single-crystal measured under zerdd-cooled
(black markers) andeld cooled (red markers) conditions. Open markers correspond to the inverseluére the blue line is a lineat.
The Curie temperature exceeds 200 K. Adapted with permission frad2 Te€opyright 2017 American Physical Society. (lap a function

of T for a FgGeTe single-crystal and forelds along thes-axis (solid green makers) and thb-plane (open green markers). Solid black
markers depict both the resistivity and its derivative indicatinf, af 270 K with another spin-reorientation transition above 100 K.
Adapted with permission under a Creative Commons CC BY-NC 4.0 license fr@8 @bpyright 2020 AAAS. (c) Magnetization as a
function of the temperature for E&eTe for elds along the-axis (open markers) and ttad-plane (solid markers) and also polycrystalline
material (gray line). It displays &, in excess of 280 K. Adapted with permission from8féfCopyright 2019 American Chemical Society.

can take the dimensional crossover in the critical exponemmnolayers are separated by a 2.95 A vdW gap in bulk crystal.
from the values expected in 3D to those in 2DI¢dge 4 to As a result of the reduced crystal symmetry inherent to the
mark the transition from a 3D behavior to a truly 2D charactelayered structure, bulk;6eTe exhibits a strong magneto-
as for examples for gand FgGeTg.3?+3%2 crystalline anisotrops® Such anisotropy would help to
Metallic vdW Ferromagnets. Here we discuss metallic, stabilize long-range FM order in monolayer of this compound.
iinerant layered vdW ferromagiéf§?® which can be One aspect of E@eTe is that its CurieWeiss
exfoliated and incorporated into heterostruc-susceptibility in the paramagnetic state yieldstiee
tureg 109113324325 while presenting relatively high Curie moments ranging from 3.9 to 4§Fe for Fe fractionx
temperatureés%32° Such systems are also tunafidean ranging from 2.69 to 2.97, in contrast to neutron scattering
external electriceld™® or through microstructuriig’ that nds values ranging from 1.4 to 2 3Be forx = 2.71
So far, the most well studied compound within this series &nd 2.9, respectivéfy.Magnetization measurements on the
Fe; GeTe which displays comparatively highrelative to  other hand, %/ield a saturation of moment@f2+ 1) g/Fe
the magnetic ordering temperature of other 2D magnetigFigure 29°?**2?’ According to neutron scattering and
systems,e, rangin% from 150 to 220 K depending on the Femagnetization measurements the moments point alang the
occupancy>??3928°2° FeGeTe can be understood as axis forming a collinear arrangeriféit. The Rhodes
containing F&e slabs separated by vdW-like bonded Tewohlfarth ratio (RWR), daed a$?/ P,with P, obtained from
Stracture, as dispussed ITTE to magine & saad with'a  |1¢ & SCive momenR(Rr 2) = Py where P, is_the
cgaturation moment obtained in the ordered stateé is

lattice akin to that of the transition-metal dichalcogenid . .
éxpected to be 1 for a localized system and larger in an

(TMG,) but with the Fe atoms sted within it. Its structure . .
and the valence states of the constituent atoms can be writt'é'ﬂerant system. Observed large values of RVER in

2 + + 4 . 5 crystals with Fe vacancies aBd reported in CVT-grown
as (Té ) (F§")[(Fe") (Ge* )I(Fg™) (Te?) per formula single crystals without Fe vacancy indicate a possible Kondo

unit which leads to two inequivalent Fe $tg$,andFef", coupling, weak itinerant character and/or strong spin
within the FgGe slab>**° Partially lled Fe-d orbitals  uctuations in the ground stat&?#*33

dominate the band structure around the Fermi level and giveThis collinear spin arrangement leads to stripe-like magnetic
rise to itinerant ferromagnetism in buliGede.® Adjacent domains according tm situ LTEMZ%?"23* |nterestingly,
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Figure 30. (a) Atomic structure of monolayer;E®Te. The left panel shows the view along [001]; the right panel shows the view along
[010]. Bulk FeGeTe is a layered crystal with an interlayer vdW gap of 2.95 fa@ Fq represent the two inequivalent Fe sites in the +3
and +2 oxidation states, respectively. (b) Optical image of typical few-lay@s exfoliated on an &5 thin Im. (c) Atomic force
microscopy image of the area marked by the square in (b). Mono- and few-tger are clearly visible. Scale barn® (d) Cross-sectional

pro le of the FgGeTe akes along the white line in (c). The steps are 0.8 nm in height, or consistent with the thickness (0.8 nm) of
monolayer (1L) FgGeTe. (¢) Normalized remanent anomalous Hall resistalﬁ{:sﬁas a function of temperature obtained from;GeTe

thin- ake samples with varying numbers of layers. Arrows mark the FM transition températ(fyjd*hase diagram of F€eTe as layer
number and temperature are varidvalues are determined from anomalous Ha#&, Arrott plots and RMCD are displayed in blue, red

and magenta, respectively. (g) Remanent RMCD signal as a function of temperature for a sequence of selected dkeslggek,
monolayer; 2 L, bilayer; 3 L, trilayer; 4 L, four layers; 5 kg layer). The solid lines are least-squares criticat#yof the form (1 T/

To . Inset: derived values of the exponenplotted as a function of thickness. (h) Thickness-temperature phase diagram. PM denotes the
region in which the ake is paramagnetic, FM1 that in which it is FM with a single domain and FM2 that in whichakeeexhibits
labyrinthine or stripe domains. The transition temperatufiesTy, and T, are based on the temperature-dependent RMCD or anomalous
Hall e ect measurements for eachke thickness. The red dashed line denotes the critical thickness at which a dimensional crossover
occurs. All panels are adapted with permission fronilBefCopyright 2018 Springer Nature.

application of a magnetield along thesaxis, induces the Ising ferromagnetism for thicknesses below 4varafyers),
formation of magnetic bubbles or magnetic skyrmions as thkdich is accompanied by a fast drop, éfom 207 to 130 K
domains having spins opposed to #ié are suppressed by in the monolayer limit=jgure 30’ For akes thicker than
it.>333% Skyrmions could result from the DMI since the 15 nm, a distinct magnetic behavior is emerges within an
inequivalent Fe sites form a lattice that lacks inversiontermediate temperature range, due to formation of
symmetry>? The size of these domains are susceptible ttabyrinthine domain patterfisThe persistence of itinerant
manipulatiowviaelectrical current pulses which seemingly caferromagnetism down to the monolayer limit isrowd by
also induce skyrmion bubBfésThese observations suggest ref:? But upon exfoliatiofi, is conrmed to be suppressed
that this compound has a sizable potential for spintronilative to the bulk, of 205 K in pristine bulk f@eTe.*?
applications. Utilization of solid ionic gating, however, rdisés room
Yet another interesting aspect gGE@e is its very large  temperature, which is considerably higher than thd bulk
anomalous Hall response claimed to result from the existentiee gate-tunable room-temperature ferromagnetism in 2D
of a nodal line and its associated Berry curvature texture. ThigGeTe is important for potentiavoltage-controlled
leads to very large anomalous Hall cieaits and anomalous magnetoelectronics based on atomically thin vdW crys-
Hall angles; the anomalous Hall adents is somewhat tals>'%4*3® This conclusion is particularly pertinent if one
decreased in crystals; FéeTe crystals with Fe vacancies considers other members of this series, liKeeF@ and
and smallef,>>%°3° Therefore, R&eTe would correspond  FeGeTe which can displdys as high as 280 and 316*#°
to a rare example of a FM topological nodal line semimetalliespectively depending on the Fe content.
system for which electronic correlations are claimed to be Challenges and Perspectives.Persistence of magnetic
relevant>433’ order in nanofabricated monolayer and few-layer materials
Perhaps more important is the fact that it was demonstratestiems from magnetic anisotropy since rotational symmetry can
that FeGeTe is exfoliable while still exhibiting robust not be spontaneously broken aite temperature in an
ferromagnetism with a strong perpendicular anisotropy whésotropic 2D system with short-range interactions, as
thinned down to the monolayer liffitA study focused on formulated in the Mermin-Wagner theoténSingle-ion
layer-dependent properties reveals a crossover from 3D to aBisotropy and anisotropic exchange both could contribute
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to a spin wave gap which suppressgsations and enables * + ©6)
magnetic order in 2D liniit’ A promising direction for high-
T.2D vdW insulating magnet design is a computational searsfiiere is a muon neutrino. Lets consider pions which are
with the spin wave gap in the magnon dispersion as produced at rest in the laboratory frame. According to the
descriptor of magnetic state inZbthe gap arises in the 2D momentum conservation law, the mucend the neutrino
vdW crystals due to magnetic anisotropin insulating must have equal and opposite momentum. Since the pion
magnetic hexagonal and honeycomb lattices high Cur@s zero spin the muon spin must be opposite to the neutrino
temperatures are facilitated by the exchange anisotropgin. An interesting property of the neutrino is that its spin is
whereas the ects of single ion are similar excepBforl/ aligned antiparallel to its momentum (it has negative helicity).
2 where an energy shift could be expé&ti@titical scaling ~ This implies that the muon also has negative helicity. Thus, by
behavior is a good and relatively rapid probe of the nature 8¢lecting pions which stop in the target a beam of 100% spin-
the magnetic interaction and underlying anisotropy. polarized muons is produced. This is the method most

Whereas no predictive theory for metallic @D vdwW commonly used for producing muon beams for condensed
magnets exists at the moment, it should be noted that in 2matter physics resea thNote that the muons produced by
metallic magnets with strong XY anisotropy, a quantum critidile above-mentioned way are called surface fritians,
point is predicted by varying order/disorder in the latfice. have a well-deed kinetic energy of 4.1 Mev and a
Future materials in this class are likely to host a higRorresponding momentum of 29.8 Mev/ic. _
proportion of magnetic atoms separated by a vdW gap and th&Vhen a beam of the spin polarized muons is implanted into
theory should account for possibly complex magneti@ Specimen of interéstthe muons thermalize in the sample
sublattices. We note that spin density waves in metallic 2@thin typically 1 ns. Muons with positive charge stop at
vdW magnets might induce a periodic charge modulatioRterstitial positions away from positively charged ions. In the
particularly at Fermi surfaces prone to nesting behapresence of a magnetedd, the spin of the implanted muon
ior 18344345 A5 seen on the example ofG&Te, critical precesses around the direction of the local mageiettis
behavior and scaling analysis should yield exponents consistéHt the Larmor frequency:
with 3D magnetic behavior for small vdW gapisi€ 7. = 7

2D disordered Ising vdW magnets are also subjected to (7)

universal scaling behavior in the critical region of disordefhere = 2 .135.5 MHzT is the gyromagnetic ratio of the

induced phase transition within the randelu Ising model;  muon. An implanted" in the sample will decay after a mean

the phase transition separates regions of smooth and step-ji&ime of = 2.2 s. The muon decay is a three body

M(H).>*®In the step-lik&(H) region majority of spingp in process:

a single system-spanning avalanche. The scaling behavior,+ .

critical exponents and correlation length could give some e+ % (8)

insight into avalanche size distribution. The scaling also . ] )

persists in variable thickne¥deand it could be relevant in Wheree” denotes the positron, the electron neutrino, and

disordered 2D vdW magnetic crystals. the muon antineutrino. The kinetic energy of the emitted
positron may vary continuously between zer&gpd 52.3

PROBING THE MAGNETIC PROPERTIES OF LAYER V. Because of the parity violating decay of the muon (the

MATERIALS/IA ELEMENTARY-PARTICLES ecay involves the weak interaction) the decay positrons are
emitted preferentially along the direction of muon spin. By

Muon Spin Rotation ( SR).The acronym SR stands for  measuring the anisotropy of the decay positrons from a bunch
muon spin rotation, or relaxation, or resonance, dependirg muons, the statistical average direction of the spin
respectively on whether the muon spin motion is predonpolarization of the muon ensemble is determined. This in
inantly a rotation (more precisely a precession around tarn re ects the spatial and temporal distribution of magnetic
magnetic eld), or a relaxation toward an equilibrium elds at the muon site.
direction, or a more complex dynamics dictated by the The SR technique is made possible by the properties of the
addition of short radio frequency pulses. pion and the muon: (i) Due to parity violation in the decay of

Production of Spin Polarized Muon Beams and Parity pions, surface muons are 100% spin polarized, (ii) the positron
Violating Decay. The muon is an elementary particle similaris preferentially emitted along the direction of the muon spin at
to the electron or positron, with a unitary positive or negativéecay time, and (iii) the muon has a magnetic moment and its
electric chargex(l) and a spin of 1/2>* The muon is a spin precesses around a magnetid with the Larmor
particle belonging to the family of the leptons with an averageequency.
lifetime of = 2.2 s. The muon mass is about one-ninth of Due to the large magnetic moment of the muon, there is
the proton mass or, alternatively, about 200 times the electrbigh sensitivity to extremely small magnetic moments (down
mass>* Note that for experiments in condensed matterto 103 10* ) and the broad time window of G to
physics mainly the positive muon is used. Beams of positil ' s makesSR a powerful tool to investigate magnetism in
muons are artially produced using proton accelerators. Higtsolid state physits. >’ Moreover, the SR technique has a
energy proton beams ared onto a target (usually graphite) time window for the study of magnetigctuations in

to produce pionsgiathe following process: materials, which is complementary to other experimental
techniques such as neutron scattering, NMR or magnetic
p+ p ¥ 9 n (5) susceptibility. In addition to magnetism, this technique allows
to study interesting problems related to superconductiv-
wherep denotes the proton amds a neutron. The pion$ ity 3> 37 chemical kinetics, dision, molecular dynamics,
decay with a lifetime of = 26 ns into muons: and semiconductor physics. One can also probe magnetic and
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superconducting properties at the surface of a superconduatountversuime histogram is formeé&i¢ure 3h). A muon

using ultralow energy mudfs.’* 3”3 In this chapter a brief  decay event requires that within a certain time interval after a

introduction to the SR technique and its applications to the *has stopped in the sampl&ia detected. This time interval

study of magnetic materials are presented. A detailexktends usually over several muon lifetenes@ s). After a

descrigtion of the SR technique can be found in text- number of muons has stopped in the sample, one obtains a

books’**"® or in review articlgs§ 3> 357376 379 histogram for the forwardN§) and the backwardlgg
Principle of a SR Experiment. The SR method is detectors as shown lfgure 3k, which in the ideal case

based on the observation of the time evolution of the spihas the following form:

polarizatiorP (t) of the muon ensemble. A schematic layout of & sy

a SR experiment is shown figure 3a. In a SR N =N£&' 1+ ARItD + Dy = F B (g

Here, the exponential factor accounts for the radioactive muon
decayP (t) is the muon-spin polarization function with the
unit vectom ( = FB) with respect to the incoming muon
spin polarizatioM, is number of positrons at the initial time

= 0. Npg is @ background contribution due to uncorrelated
starts and stopgy, is the initial asymmetry, depending on

di erent experimental factors, such as the detector solid angle,
e ciency, absorption, and scattering of positrons in the
material. Typical valuesAgfare between 0.2 and 0.3.

Since the positrons are emitted predominantly in the
direction of the muon spin which precesses wittthe
forward and backward detectors will detect a signal oscillating
with the same frequency. In order to remove the exponential
decay due to thenite lifetime of the muon, the so-called
asymmetry signA(t) is calculated (sée€gure 3t):

A(t) - NeF(t) S NéE(D - AOF(D

Nge(t) + Ngg ) (10)

where, Nge(t) and Ngg(t) are the number of positrons
Figure 31. Principle of a SR experiment. (a) Overview of the detected in the forward and backward detectors, respectively.
experimental setup. Spin polarized muons with spiantiparallel The quantitieg\(t) and P(t) depend sensitively on the spatial
to the momentunp are implanted in the sample placed between distribution and dynamicaluctuations of the magnetic
the forward (F) and the backward (B) positron detectors. A clock environment of the muons. Hence, these functions allow to
is started at the time the muon goes through the muon detector study interesting physics of the investigated system.
(M) and is stopped as soon as the decay positron is detected in the In" SR experiments two drent magneticeld cong-

detectors F or B. Adapted with permission from3é8 Copyright . L .
Swiss Physical Society. (b) The number of detected positkans urations are used: (i) Transvers@ (TF) SR involves the

and Ny as a function of time for the forward and backward aPplication of an externatld perpendicular to the initial
detector, respectively. Reproduced with permissions frora4@f direction of the muon spin polarization. The muon spin
Copyright University of Zurich. (c) The so-called asymmetry (or precesses around the transveatsk with a frequency that is

SR) signal is obtained by essentially building theedence proportional to the size of theld at the muon site in the
betweerN: andN; (eq 2. All panels are adapted with permission material. (ii) In the longitudinakld (LF) conguration the
under a Creative Common CC BY license from3&®. Copyright magnetic eld is applied parallel to the initial direction of the
2019 MDPI. muon spin polarization. The time evolution of the muon spin
polarization along its initial direction is measured in this
experiments an intense begm £ 29 MeV/c) of 100% con guration. Measurements are often carried out in the
spin-polarized muons is stopped in the sample€Figee absence of external magnetid, a conguration called zero-
3l1a). Currently available instruments allow essentially #ld (ZF) SR. In this corguration the frequency of an
background freeSR measurement at ambient conditions. obtained SR signal is proportional to the internal magnetic
The positively charged muons thermalize in the sample agld, from which the size of the ordered moment and thus the
interstitial lattice sites, where they act as magnetic microftagnetic order parameter is calculated. The capability of
robes. In a magnetic material the muons spin precesses in $tiédying materials in zero exteredd is a big advantage over
local eldB at the muon site with the Larmor frequency other magnetic resonance techniques.

/(2 )B (muon gyromagnetic ratio/(2 ) = 135.5 MHz Applications of SR in Magnetism. SR has been widely
T 1. The muons * implanted into the sample will decay after applied to magnetic materials due to the high sensitivity of the
a mean lifetime of = 2.2 s, emitting a fast positreh muon to smallelds and its capability to probe both static and
preferentially along their spin direction. Various detectoi@ynamic localeld distributions. ZFSR is used to investigate
placed around the sample track the incominand the microscopic magnetic properties of solids. If the local magnetic
outgoinge” (seeFigure 34). When the muon detector records  €ld B (r) at the muon site is pointing under an angléth
the arrival of a in the specimen, the electronic clock startsrespect to the initial muon spin polarization, the decay positron
The clock is stopped when the decay postrisiregistered ~ asymmetry is given*By
. > A .
in one pf thee_ detectorg, and the measure_:d time mterv_al is At) = A({COSZ( )+ sinz( )cos( Bt]
stored in a histogramming memory. In this way a positron-

(11)
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Figure 32. (a-c) Schematic illustration of the magnetically homogenemysill volume magnetic) (d), inhomogeneous (full volume
magnetic, but with domains) and phase separated ffart of the volume magnetic and part paramagnetic) polycrystalline samples and the
corresponding SR spectra. The 1/3 nonoscillatinR signal fraction originates from the spatial averaging in powder samples where 1/3 of
the magnetic eld components are parallel to the muon spin and do not cause muon spin precession. (d, e) Isotropic Gelgssian
distribution for polycrystalline sample. Panels € adapted with permission under a Creative Common CC BY license frolbfef

Copyright 2019 MDPI.

Figure 33. Types of intrinsic disorder in TMDs: (a) vacancy, (b) antisite, (c) substitution. Panet$ éalapted with permission from ref
380 Copyright 2019 Springer Nature. (d) Schematic diagram of the phase incorporation strategy to achieve ferromagnetism of 2H-MoS
nanosheets. Adapted with permission from3@1. Copyright 2015 American Chemical Society.

whereA, is the maximal value of the asymmetry. Furtheflhis function wab.:,g%btained in a general stochastic treatment of
. : : Kubo and Toyabg&” The form of the distribution of internal
assuming that the randonelds are isotropic and each magnetic elds inuences the form of th&R signa, *255356
component can be represented by a Gaussian distributionTdfus, by analyzing the observed muon-spin time evolution, the
width / , then a statistical average of this distribution yield agnetic eld dls_trlbut|on |ns_|de the sample can be obtained.
or clarity, the time tracesHigure 3a@-c shows the expected
2 « 2o time evolution of the muon spin polarization for thresedit
A(t) = AO% + £ 1218 29 cases of magnetically ordered polycrystalline sample: fully
3 (12) magnetic and magnetically homogeneous (a), full volume
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magnetic and inhomogeneous (b) and phase separatisemiconductors, forming the basis for spintronics. To date, the
between magnetic and paramagnetic regions (c). The muomsgin and the nature of this magnetic order remains an
stopping in the homogeneous sample will sense the sammesolved issue. Thus, systematic magnetic, electronic and
magnetic eld and their spin will precess around the internaktructural studies in the bulk and in thims of semi-

eld and the SR signal is characterized by maximumconducting TMDs are essential. Here, we review recent
amplitude and zero depolarizatiéigire 38). If there is  experimental progress on magnetism of semiconducting TMDs
an inhomogeneous static interrdd in the sample, dirent with the emphasis on the results from the local-magnetic probe
muons will precess at slightlyedent frequencies. This leads such as muon-spin rotation.
to a progressive dephasing of tl8R signal, and the Magnetism and Intrinsic Defects in Mo-Based TMDs.
oscillations in the SR time spectra will be damped (seeWhile there are many studies focused on the aspih
Figure 3B). In some cases the signal is strongly damped, smupling and the interesting consequences for electrical and
that the oscillation will not be observed, and the resultingptical properties in semiconducting TMDs, there are very
muon spin polarization will be averaged out to zero. Then, alimited, and mostly theoretical, studies on the intrinsic
magnetic phase transition, if no wiggles are observed in tagnetism. Specally, theoretical works show that the
SR signal, one expects a drop in thecte initial pristine lattice of 2H Mo- and W-based TMDs are non-
asymmetry fromg in the paramagnetic statep= 1/3 in magnetic, because the*Mmns are in a trigonal prismatic
the ordered stafé” However, this ect could also be due to local coordination in which the two 4d electrons are spin-
uctuations of the internadld. SR is capable to distinguish antiparallel and the net magnetic moment is zero. If fiie Mo
between these two possibilities by performing a&SRF- 4d electron comuration could be tuned to have nonzero
experiment. In a longitudinakld inhomogeneous line magnetic moment, the 2H-, Mo-, and W-based TMDs could
broadening anductuations lead to dirent SR time spectra. display magnetic properties. This can be achieved either by the
Since muons stop uniformly throughout a sample, and th@esence of various intrinsic crystalline imperfections/disorder
amplitudes of theSR signals arising from theedént regions  (Figure 3@ c) or using variety of external methods, including
of the sample are proportional to the volume of the sampktomic doping, and phase incorporatidgufe 3@).
occupied by a particular phase, the presence of paramagnetintrinsic DefectsThe types of defect observed in TMDs
regions will result in the reduction of the signal amplitude adepends on the fabrication proc&sdhe most common
shown inFigure 38. This schematics is a simple illustration ofexperimental techniques used to produce large chunks of
the fact that SR is capable to provide quantitative informationTMDs are mechanical exfoliation, CVD, and physical vapor
on coexisting and competing phases in a material. We note thaposition. Defects usually play an important role in tailoring
in a single crystal the amplitude of the oscillatory componestectronic, optical and magnetic propertié$:*° 3|t was
depends not only on the ordered volume fraction but also diound from rst-principles calculations that (1) MgSe
the angle between magnettd and muon spin polarization. MoTe,, and W$ exhibit surprising conement-induced
Thus, the amplitude indicates the direction of the inteidal  indirect direct-gap crossover and (2) certain defects induce

Magnetism in Semiconducting vdW Materials. TMD magnetism in TMDs. In particular, the Mo vacancy defect and
systems have honeycomb layers of 2D sheets with the comntlba antisite defects in these materials can induce spin-
formula MX, where M is a transition metal (M = Ti, Zr, Hf, V, polarization and long-rangeagnetic coupling. Certain
Nb, Ta, Mo, W or Re) and X is a chalcogen (X = S, Se, or TefMDs was even shown to exhibit an exceptionally large
These compounds crystallize inedint structural phases magnetic moment due to these defects. The linear atomic
resulting from derent stacking of the individual Mayers, doping®®of TMDs was also shown to give rise to nonlocalized
with vdW bonding between them. The 2H forms of theselefect states (similar to line vacancy defects) and to a long-
compounds are semiconducting and can be mechanicaiynge magnetism. For instance, F and Fe atoms linearly doped
exfoliated to a monolayer. In bulk form, 2H-Md¥&es an MoS, was predicted to be FM semimetals, while Mn or Co
indirect band gap of 0.88 eV. The properties of the TMDsatoms doped Mg@&re FM semiconductof$ First-principles
especially in the monolayer form, have triggered a greedlculations also predicted that macroscopic ferromagnetism of
experience in device applications such as magnetoresistafio&, nanosheets could be introduced by biaxial Strain.
and spintronics, high on/aatio transistors, optoelectronics, Applied strain was also shown to induce a transition from FM
valley-optoelectronics, superconductors and hydrogen storaggmiconductor to a half-metallic state in Mn or Co linear-
Many of these interesting properties arise due to the stromipped Mo$>5°
spin orbit interaction present in these materials from the Atomic DopingDi erent types of atoms have been used to
heavy metal ion. Until recently, the family of TMDs has beeimitiate magnetism. On the basis of previous studies, transi-
missing one crucial member: a magnetic semiconductor. Thenal-metal (TM) atom doping can eetively induce
situation has changed over the past few years with timeagnetism into MgSFor example, magnetism is observed
discovery of layered semiconducting magnetic crystals, like fior Mn 389 397 pgf94392 395 (04390392 393398 (o 390393
example Cgl®+%2%383 and V27%27%384 Unconventional ~ Zn*°%**3*Cd?°*and Hg°*doping, and the magnetic moment
magnetism in the semiconducting Mo-based TMD systentd the 3d TM-doped Mg3ncreases with the d-bardiihg of
2H-MoTe and 2H-MoSg£®? was also recently discovered. the TM dopants’° Additional, spin polarization was found in
These observations suggest an importance of magneioS with S atoms replaced by incomplete d-band atoms, such
interactions in electronic structures of TMDs, and extends Fe and ¥°and Group VA and Ill elements, such as N, P,
general commonalities of various unconventional supeks, B, Al, and G&> Moreover, adsorption of various atoms,
conductors to this important family of 2D conductor. Thissuch as H, B, C, N, and F, is alsectve to turn Mosfrom

nding helps to study the interplay of 2D physics, semhronmagnetic to magnetidtH-absorbed WSMoSe, and
conducting properties and magnetism in TMDs. It alstMoTe, monolayers and F-adsorbed,VW8d MoSeg
provides a material platform to obtain tunable magnetimonolayers show long-range AFM coupling between local
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moments even when their distance is as lon§j2ad. It is
worth noting that no magnetism is observed in V-doped MoS
based on r&f93 but according to re8®0and395 V doping
induces more than 13 magnetic moments into monolayer
MoS. And based on the study of Lee al?°? the
nonmagnetic element Cu doping brings strong magnetism
into the doped MagSCalculations indicate that V and Mn are
promising candidates for engineering and manipulating the
magnetism of the 2D TMDs.
Phase Incorporatiorit was anticipatéd that introducing
the 1T phase into the 2H nanosheets could be extiwe
strategy for combining the semiconducting and magnetic
features of TMDs. Within this framework, 1T-MNbSse was
introduced into the matrix of 2H-Mafnosheet and robust
FM response with a magnetic moment of @/R%o at room
temperature was obser ince the crystal structures and
the Mo atomic positions are identical in both 1T No8
2H-Mo0S, such an incorporation does not change the
distributions of Mo ions in 2H-Mp8nd does not hamper
its practical applications. It was further revealed that the
interaction between the Mo 4d states of the 1T-Mm&nt
and a bandgap energy state induced by sulfur vacancy is the
origin of the ferromagnetism of the phase-incorporated MoS
nanosheets. Such a phase-incorporation strategy can be glg@re 34. (a) ZF SR time spectra for the single crystal samples of
used for the bulk materials. T4+MoTe, and 2H-MoTe recorded atT = 5 K. Adapted with
In the following, we will discuss the clearest evidence pérmission under a Creative Common CC BY license fror@5@&f
involvement of magnetism in semiconducting TMDs 2HCopyright 2019 MDPI. (b) Temperature dependence of the
MoTe, and 2H-MoSeusing local probe such &R. The |tnternal te'd :(i;t ?deH_'t'r\]/'OTez: _ZH'M?JESG?Z grgggsgogor?]fmon
i _ H R e emperature. aptea with permission
mg?'g;elp a2r|1-(|j l\go-rl;fer;::t:&i Ssti?: I?ns,:ﬁgp\l/ré%\;g%%ﬁfse theCC BY-NC 4.0 license from re@82 Copyright 2019 AAAS.

observed that at low temperature, the spins of the implanted

muons precess at an oscillating frequéingyré 3) which %), but defects are found to have a large electronic impact.
correspond to an internald H;,, = 200(2) mT at stable  Moreover, DFT indicates that aite values dfi, a magnetic

site inside the Mo-layer. There is a smooth increagd; pf moment in the range of 0.9 to 2.8 is observed per
belowTy 40 and 100 K for 2H-Mo}end 2H-MoSg chalcogen-antisite defectlyjdBut, the metal-vacancy defects
respectivelyHigure 3B). The observation of a spontaneous Mo,,. do not introduce a sigeiant local moment. The
muon spin precession is a clear signature of the involvementifbbardU value used in our simulations is in the range of 0.5
magnetism below, 40 and 100 K in the bulk of MoJe to 4.0 eV to account for strong on-site interactions at the
and MoSg respectiveli’” Moreover, wend that the bulk  defect. We calculated the local magnetization of the antisite
magnetic response observed v8R in 2H-MoTgare robust  defect as a function &f. The strongU dependence of
and do not change in the near surface region of the &fystalsmoment is found as shown figure 36. We have also
This demonstrates potential applicability of 2H-Md&dre explicitly calculated the magnitude of the Hubbamding

magnetic thin Im heterostructures. We alsad that the linear response theory as includedFigure 36. The
magnetic response is aently tuned by hydrostatic magnitude obtained isdfz = 2.72 eV for the antisite defect
pressuréd? (this value is marked as the dashed lifgime 3B), which

These results came as a surprise since the previdgswithin the limit of initial range calculated the magnetic
theoretical wofkR® and simple chemical bonding consider-properties of the defects. The calculation suggests that the
ations indicate that the Mo atoms in these samples are inMo, ,defects are coupled antiferromagnetically to the nearest-
nonmagnetic 4cton guration. The origin of this magnetism neighbor Mo atoms, as showrFigure 38. The magnetic
remains unclear. We note that in the same material intrinsigoments at the nearest-neighbor Mo atoms can reach 0.10 to
magnetic Mo antisite deféétsvere observed by combination 0.40 g/atom, with smaller contributions for second and third
of the high-resolution STRtand Hubbard corrected DRI+ neighbors (0.02 to 0.08/atom).
calculatiori§” (Figure 3& d). Namely, STM measurements  The Te atoms show negligible spin polarization. Although,
demonstrate the presence of intrinsic dilute self-organiz&FT shows the magnetic defects in these systems, dtils di
defects. Note that two major defects, i.e., metal-vacanctesunderstand how the low-density of the chalcogen-antisite
(Figure 3B) and chalcogen-antisitésglre 3b) (where a defects can give rise to homogeneous internal maglustic
molybdenum atom substitutes the Tellurium/Selenium atompbserved in 2H-Mo}and 2H-MoSg This may be possible if
were found in these materials. In general, TMD crystals do nittese defects have electronic coupling to the semiconductor
share the near-perfection of graphene. This is not surprisinglence electrons. The presence of such spin-polarized itinerant
given that the formation energy for defects in TMDs is muchklectrons would imply that these materials are dilute magnetic
lower than for similar defects in graphene (for example, 7 semiconductors. This idea may be partly supported by the
eV for a graphene vacancy versus 4.8 eV for a metal antisgeent report on the observation of hidden spin-polarized
defects in MoT#. The defect concentration is smad.6 1 states in the bulk MoJ&®
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Figure 35. (a) Large-scale atomic-resolution STM topography (20 nm) of the 2H-Mairéace. The image reveals an approximately
uniform density of two types of defects over the entire surface. (b) Faptimized geometry for Mg, defect. (c) DFT-HJ-optimized

geometry of the Mo vacancy Mg (d) Magnetization density (0.001 electrons/béhion the top surface of bulk 2H-MoTen AF

con guration. Spin-up and spin-down states are shown in faint blue and orange isosurfaces, respectively. Note that spins also couple
antiferromagnetically at the local level between the Mo impurity and the nearest Mo atoms. All panels are adapted with permission under a
Creative Common CC BY-NC 4.0 license from 382 Copyright 2019 AAAS.

Another possibility is that muons are trapped near th&T-VSe'® which is dierent relative to semiconducting
magnetic defect, senses the large diggthcreated by the systems,.e, 2H-MoTe, 2H-MoSe and 2H-WSg 2H-
defect and produces the coherent oscillations iBEhsignal.  VSe.*°* Thus, they raise opportunities to obtain tunable
Although the exact link betweeSR and STM/DFT magnetic semiconductors, forming the basis for spintronics.
result3®?in 2H-MoTe and 2H-MoSgis not yet clear, both  Theoretical calculations also predict that apart from defects,
results together constitute a strong evidence concerning thedrogen and transition metal dopants are able to induce spin
relevance of magnetic order in the TMDs physics. Oupolarization in MoTein the monolayer limit. Since a muon
observations also add to the growing evidence that defectscan be considered a light hydrogen isotope, muon induced/
TMDs are important to understand their physical propertieenhanceti® magnetism has also been discussed. However,
Recently, there have been several reports on magnetism in Magnetic hysteresis is clearly seen in the macroscopic
and W-based TMDs from bulk magnetization measurementsagnetization data of MgTand MoSg®*? which can be
Namely, the formation of ferromagnetism was reported for \onsidered as additional, besid&R, independent piece of
doped W ?and WS£>*°*monolayers with a small amount evidence for the involvement of magnetism in TMDs.
( 0.5 4%) of V-content and the materials was @dsas a Magnetic Phases in vdW Magnet Cd. Besides Mo/W-
dilute-magnetic semiconductor. Room-temperature hysteresésed TMDs, very interesting magnetic semiconducting TMD
has been observed for small amounts of vanadium deposiggdtem is Cgl Although the experimental investigations of
on 2H-MoTe. Defect induced, layer-modulated magnetisnbulk Crk date back to the 1960s, the temperature-dependent
was recently reported for ultrathin metallic systera”’PtSe magnetic and structural properties have only recently been
Ferromagnetism has also been observed in metallic monolayorted:®>??’ The presence of a heavy halide atom in Crl
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The temperature dependence of the total magnetic fraction
V,,, determined fromSR experiments?is shown irFigure
37. The magnetic fractioh, does not acquire full volume

Figure 37. Temperature dependence of the magnetic volume
fraction for Crk. Adapted with permission under a Creative
Commons CC BY license from r@83 Copyright 2021 Springer
Nature.

right belowT.; 62 K. Instead, it gradually increases below

T, and reaches80% afl, 50 K. Additional increase of
Figure 36. Calculated magnetization of the antisite defect. (a) V,, takes place belolx; 25 K, at which the third strongly
Occupation numberwersusrigid potential shifts for antisite damped component appears and reaches n&ad%. The
defects for the bare, noninteracting potenti@and the interacting volume wise evolution of magnetic order at¢gs$, and
potential . From the angular coecients of bOth curves we can T, in Crl, strongly suggests the presence of distinct magnetic
extract the optimunt,g for our systemlig = L7 (b) states in the separate volumes of the sample. The experimental
Variation of the Ioca] magnetization at the defect antigeéesus U results are Supported by macroscale micromagnetic simu-
AtU= O,_no magnetic moments are observed as the defect s.hows dations, which revealed three main phases emergedmLrl
symmetric conguration at the Mo Mo bonds. AU>0.5eV., this g nction of the temperature: disordered-I, ordered, and

symmetry is broken and the defect develops an appreciable . . i ;
magnetic moment that increases witlas a result of the increased disordered-Il. The main driving force for the formation of

localization of the bands. All panels are adapted with permission th€se three phases is the coexistence erfenti crystal
under a Creative Common CC BY-NC license from 382 structures (monoclinic and rhombohedral) on bulcCrl
Copyright 2019 AAAS. Magnetic Transitions in vdW Magnet VL. Ferromag-
netism below - 50 K was also recently discovered in bulk
result in marked anisotropy constants and a clear deviatiosisgle crystals of 3/%*°° Similar to other transition-metal
from the paramagnetic regime at relatively high temperaturéghalides, such as ¢V/l; consists of stacked layers in which
Standard bulk magnetization measurements provide cleaigesharing yloctahedra form a honeycomb lattice. This
signatures of long-range magnetic order and a consequsewystem \llwas shown to undergo a structural transitidg at
phase-transition at a nonzero temperature. However, they als@8 K, followed by two subsequent FM transitiohs a0

fail to capture manyne details hidden at microscopic level. K andTg 36 K upon coolind® Namely, using NMR, two

Such details are mstrumental to dllstmgmsh macroscoDrﬁagnetically ordered V sites were idehtielovT?, whereas
ground states with competing magnetic phases. It has recent

n . )
been found that Gylexhibit both AF and FM orders in thin O*er one mggnetlcally ordered V site was observed for
layers driven by hydrostatic pres€ufeese phases occurred Tc < T< T~ We studied the magnetism and its temper-

at the same critical temperature with a spatial separation of faure dependence in;\sing the SR technique.

hundreds of nm and consequently no prelude of themally The temperature-dependent magnetic fraction, shown in
activated spin ordering. If competition occurs between phasggure 38, shows a sharp transition from the paramagnetic to

it is largely unknown but these observations establish a muti¢ magnetic state with the coexistence of magnetic and
more intricate scenario than originally pictured fgm@H paramagnetic regions in the temperature intena2 $Qi.e,

many hidden subtleties that have important implications in tr@nly very close to the transition. In order to study the detailed
ordering of the magnetic domains in the system. We recentgmperature evolution of the magnetic order parametgy in VI
reported results of high-resolutid®R spectroscopy, com- zero-eld SR measurements were carried out. TheSRF-
plemented by SQUID magnetometry and large scale micrspectra, recorded at temperatures above andibglbw 60
magnetic simulations, to systematically study the thermaihd 5 K), is shown iRigure 3B. AtT = 60 K, the entire
evolution of magnetic states in;CFhis suite of techniqgues sample is in the paramagnetic state as evidenced by the weak
was essential to identify, characterize and understand distin8R depolarization and its Gaussian functional form arising
macroscopic ground states with any competing magnefiom the interaction between the muon spin and randomly
phases. oriented nuclear magnetic moments. At 5wk, distinct
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Figure 38. (a) Temperature dependence of the magnetic volume
fraction for Vi, determined from weak transverseeld SR
experiments. (b) Zeroeld SR spectra, recorded &t= 5 and 60

K. (c) The temperature dependence of the internaldsH;, for

VI,. Original gure, no permissions needed.

precession frequencies appear in 8 spectra, which is

most likely due to the presence of magnetically inequivalegit]d does not h

muon stopping sites, especially in the condition of tw

SPINTRONICS: FROM FUNDAMENTALS TO DEVICES

General Introduction and Background. The ability to
carry electron spin over long distances due to long relaxation
times made graphene an excellent candidate for spin
electronics giving rise to the emergence of graphene
spintronic§°®*°” Initially graphene, hexagonal boron nitride
(hBN) and other vdW materials and heterostruttfingsre
explored as a spin transport channel in lateral geometry
setups”® 2 and/or as a tunnel barrier or part of vertical
MTJS® 416 partially encouraged by theoretical predictions
that they can serve asogent spin Iters*’#*® Since 2D
materials were believed to be nonmagnetic, csighi
attention has been paid to induce magnetic moments and
exchange splitting within graphene, for insteiadetroduc-
ing defects g.g. vacancies, adatoth¥”° graphene nano-
meshe§*?3  or alternativelyia proximity with magnetic
insulator§ “2°or with magnetic metals across a spacer made
of 2D hBN!%427

As already mentioned, the skepticism about the absence of
standalone 2D materials with intrinsic magnetism was based on
the Mermin Wagner theorefh stating that at anynite
temperature no long-range magnetic order is possible due to
massive gapless excitations of spin waves (magnons) that
destroy it. The theorem was formulated for the case of
isotropic Heisenberg model withite-range interactions,
leaving the opportunity to stabilize magnetic order in two
dimensions. Indeed, it can be shown that the presence of
uniaxial anisotropye(g. magnetocrystalline one caused by
spin orbit interaction) gives rise to a magnon excitation gap
that quenches their impact on magnetic order lifting Mermin
Wagner restriction and thus resultingnite Curie temper-
ature o).?*

As the system evolves from 2D toward 3D, the magnon
spectrum behavior softens with no anisotropy needed to
preserve long-range magnetic ordenita temperature= In
this case, the Curie temperature for systems comprising
monolayersT(n), should evolve according toite-size
scaling formula representing its relative shift from its bulk value
TP as(TEP S T(n)/ TP=( h)C®, whereC represents
characteristic thickness for a given systemisaiide inverse
of the bulk correlation length exponente ecting the
appropriate universality cf&8s?®? This formula is valid in
case of thick layers and alternative expression suitable for larger

thickness range was suggested with the relative shift in respect
to To(n) of the form(TZ° S T(N)/ Teh =( /n C° used,
for instance, for studies of thin transition fiiéfaf or
ferroelectric Ims?3° The problem is that disagrees with
ave a physical meaning, but such disagreement

Qeems to be resolved by taking into account Sg@m

magnetically ordered V sites. The temperature dependencies@éractions with its range parambkgh*?

the internal elds for all the components are showfignre
38%&. We nd that abov&: 32 K, component IIl disappears

as well as components IV and V nearly merge. The decrease

number of components abdyecould be related to the fact
that above there is only one magnetically ordered V site,

shown by NMR measurements. These data along with t &

previous NMR measureméfitspoint toward a complex
temperature evolution of magnetic structure;iand call for

The scaling formula can then be written for two distinct
casesl ¢ scales according to the power law in the case of thin
s with n > Ny and follows the relationship
TS TYN)/ TP (2 { N# 1)) ° and, in the case of

ultrathin Ims whem < N, the scaling becomes linear instead,

rf}‘Félonng(TgDé TN TE 18 (6 1)/2 N2 Togeth-

ef with other critical exponents, including those governing
temperature dependence behavior of magnetizatiahe(
scaling behavior analysis provide powerful insights for

a detailed understanding of magnetic structures in thigentifying phase transitions from 3D to 2D magnetism as

compound.

7006

demonstrated for thin transition metals according to universal-

https://doi.org/10.1021/acsnano.1c09150
ACS Nan®022, 16, 69607079



Figure 39. Voltage control of the magnetic properties o§GEIGT and FGT. (a) Top: Normalized magnetization measured by MCD as a
function of the applied electriceld (trace and retrace) at 4 K ancked magnetic eld (+0.44 T for top panel and 0.44 T for bottom
panel), showing the electrical switching of the magnetic order in bilayer The insets represent the corresponding magnetic states.
Adapted with permission from ré& Copyright 2018 Springer Nature. (b) Uniaxial magnetic anisotraggt(H, = Hs S H') of multilayer
CGT as a function of temperature at drent gate voltages and in the pristine case. Inset: The dependefig®niyate voltagé® Adapted

with permission from re86. Copyright 2020 Springer Nature. (8. of a trilayer FGT as a function of gate voltdgéd) Hc of a trilayer
FGT as a function of gate voltage at 16%Ranels (c) and (d) are adapted with permission fromir&fCopyright 2018 Springer Nature.

ity hypothesf$®and can be used to identify and describe 2Dmagnetism in @BeTe; (CGT) vdW semiconductors down

magnetism in vdW heterostruct(ifes. to the bilayer limit withne control of transition temperature
Indeed, T behavior as a function of thickness of metalliovith low applied magneticelds> Another breakthrough

exfoliated R&eTe (FGT) nano akes was shown to follow experiment demonstrated intrinsic 2D magnetism down to the

the aforementioned power law with estimatediN, values ~ monolayer limit in insulating exfoliateds;.Cihterestingly,

of the order 1.7 and 5 ML, respectively, corresponding to thteese vdW materials showed layer-dependent magnetism due

Heisenberg ferromagnetistiSimilar power law behavior was to behavior alternating between FM and AF states as number

reported by Dengt al;** with smalleN, 3 ML and larger  of layer increases. Some TMig,1T-VSg¢® and MnSg'’

estimated value of= 2.3+ 0.8, more consistent with mean have been also reported being magnetic in some of their
eld behavior but also not excluding 3D Heisenbergrystallographic phases or as a result of ddpleimg-type

magnetism. It is not surprising that it was harder to concludeagnetic ordering has also been demonstrated in phosphorus-

on the type of magnetism sirdg indicating a boundary based insulating antiferromagreetsin FeP$>?

between 3D and 2D magnetism was smaller. It is interestingActually, these studies triggered enormous interest in 2D

however, that they were able to conthe aforementioned vdW structures since they can be representing part of more

linear scaling for thicknesses smalleNjpainting that they =~ general classes or families. For instangeyelivhgs to the

were able to reach ultrathin liffif\ clear crossover from the family of chromium trihalides Gmith X = I, Br or Cl; CGT

bulk to 2D ferromagnetism in this vdW system of thickneds part of &X,Te; with X = Si,Ge; TMD family can be written

less than 5 ML reaching 2D Ising model behavior for a FGas M) with M being a transition metal and X = S,Se,Te; and

monolayer was demonstrated byeFei’’ from the analysis phosphorus AF insulator 2D family formula isqMPX

of temperature dependence critical exponent Such a vast number of atomically thin vdW magnets shows a
FGT has actually emerged as a hifheiternative to a  wide variety of conduction and magnetic properties, ranging

previously reported experiment with demonstration of 20rom FM semiconductors or metals to AF insulators. Due to
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Figure 40. Current-induced magnetization switching of a FGT 2D magnet. (a) Schematic illustration of the current-induced switching of a
FGT nano ake by the spin current generated by SHE in the Pt layer deposited on FGT and injected into FGT to produc&alsi®the

current in Pt generating a downward spin current by SHE,is the in-plane eld tilting the magnetizatioM from its out-of-plane
orientation at zero eld, Hp, is the damping-like (DL) component of the ective eld expressing the action of the spin transfer torque. (b)
Current-induced switching detected by the change of sign of the transverse ¥Jtageanel () Ry Vi/1).**? Panels (a) and (b) are
adapted with permission from ref42 Copyright 2019 American Chemical Society. (c) Schematic view of thgT&8e vdW
heterostructure consisting of an insulating AF bilayer of;@md a nonmagnetic metallic monolayer TMD TaSEhe SOT on the
magnetization of Cglis due to the charge-to-spin Edelstein conversion of the curreming along the CefTaSs, interface. The resulting
switching of m is indicated by arrows!" Adapted with permission from ref44. Copyright 2020 American Chemical Society.

their 2D character, they are much more sensitive to externahtion at zeroeld, a magneticeld close to the spinp
stimuli allowing ecient control of their transport and transition still needs to be applied for fully reversible
magnetic properties. They can be naturally stacked togettssvitcheS!* Electrostatic doping using ionic liquid gating has
or with a wide range of vdW 2D or other 3D materials, forminglso been reported in multilayer C&¥. Wanget al'°
heterostructures with properties indwigshagnetic or spin showed using MOKE measurements that saturakib(y)

orbit proximity eects. Proximity can eiently boosT, alter decreases aMy;increases as a function of doping levels (both
interfacial spin polarization or introduce Rashba or Dzyalosélectron and hole), whitg and T are insensitive to doping.
inskii Moriya interactions. This implicates further exploratiorThis behavior is tentatively attributed to a moment rebalance
on spin orbitronic and spin-caloritronic phenomena inof the spin-polarized band structure while tuning its Fermi

nanostructures comprising vdW magnetic materials. level. In contrast, Verzhbitsityal®® report an enhancement
Voltage Control of Magnetism in 2D Magnets. The of Tc from 61 K to up to 200 K when an electron doping of
control of magnetism in a material with an eleai is 4 x 10 cm 2 is applied, using magnetoresistance measure-

raising a wide interest because the absence of heating rbgnts. Interestingly, there is also a dramatic change in the
currents favors energy ogent writing in magnetic-based magnetic anisotropy, which changes from perpendicular to in-
nonvolatile memories. Layered magnets are very promisiptane (se&igure 3B). In this case, the ect is attributed to a
since the atomically thick materials have potential to be mod®uble-exchange mechanism that is mediated by free carriers,
sensitive to electriceld than common thinims, with the  which dominates over the superexchange mechanism of the
possibility to obtain almost ideal interfaces when stacking theariginal insulating state.
with other vdW materials. The electrical control of magnetism A di erent eect, reported in multilayer gris memristive
in a 2D magnet can occriadi erent mechanisms, such as switching at certain applied voltage, where the two resistive
linear magnetoelectric coupling or electrostatic doping. states are coupled to the magnetic pfi&sEse mechanism

The former mechanism requires the material to breakere is thermally induced when curremts across Grl
simultaneously time-reversal symmetry and inversion symmevYoltage control of magnetism has also been reported in FGT
try, a condition fulled by bilayer Cylin the AF ground state, which, unlike the previous 2D magnets mentioned in this
but not by the FM phase or by the monolayey, @rwhich subsection, is metallic. Datgal"? use ionic gating to bring
inversion symmetry is present. Jiem@® measured the T.from 100 K up to 300 K in trilayer FGT (seléigure
magnetoelectric response with MCD and using a dual gaséc), an important result since no pristine 2D magnet is FM at
structure to apply an electréd in order to take out theext room temperaturéi: roughly follows the variationsTig as
of doping. Interestingly, the magnetoelectric coupling wahown irFigure 3. The large electron doping induced by the
maximum around the spiip-transition that occurs a0.5 T. ionic gate (10" cm 2 per layer) causes a substantial shift of
This allowed the authors to switch electrically bilaygr Crithe electronic bands of FGT. The large variation in the DOS at
between the AF and FM states at a constant mageldtic the Fermi level leads to appreciable modulation in the
(close to the spinip transition, sekigure 38). ferromagnetism, in agreement with the Stoner model for

The control of magnetism is also possiblelectrostatic  itinerant electrons:**° Finally, metallic ferromagnet
doping in 2D magnets. The advantage is that this mechanisteGeTe has been electron doped with protonic gating,
does not require the spexisymmetry of the linear which can induce a transition to an AF phase af“2 K.
magnetoelectric coupling and, besides bilaygrOd also Recently, room temperature ferromagnetism has been
possible in monolayer ¢fiand in CGT-°*° In the case of  observed in MBE grownEeTe 2D Ims™
monolayer Cgf*' saturation magnetizatiodj, coercive Manipulation of the Magnetization of 2D Magnets

eld Ho), and T increase (decrease) with hole (electron) by Current-Induced Spin Orbit Torque. The magnet-
doping. In bilayer Gglelectron doping 2.5x 101 cm ?) ization of 2D magnets can be manipulated by il
reduces the spirip transition almost to zero magnesi™* torques (SOTSs) induced by spin-transfer from spin currents
Although this should enable electrical switching of magnedenerated from charge currents by spbit couplings
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Figure 41. Structure and magnetic properties ofByFGT heterostructures. (a) Structure of Biej/FGT. (b) Anomalous Hall resistance

R, as a function of temperature for FGT and,Bsy/FGT heterostructures. (c) Magnetic phase diagram of pure FGT agleBFGT
heterostructures versus FGT layer thickness and temperature (FM for ferromagnetic, PM for paramagnetic). All panels are adapted with
permission from reD0. Copyright 2020 American Chemical Society.

(SOCs). The conversion of charge current into spin currerthe two layers. According to Dodti al** the transition
can be obtained by spin Halket (SHE) in 3D materials of should induce a change of resistance of 240% for a tunnel
large SOCH.g.heavy metals such as Pt) or by the Edelsteifjunction composed of a bilayers@rbnolayer-TaSebe-
e ect in 2D electron gas (2DEG) such as Rashba interfat@een graphite/hBN electrodes.
states or surface states of topological insdfdatémsthe Another example of interfacial SOT with 2D magnets is
FGT/Pt bilayer ofigure 48, a horizontal charge current in Pt given by the SOT results on bilayers of the 3D ferromagnet
is converted by SHE into a vertical spin current which i8liFe and the 2D AF insulator NiF¥ As the large SOTs
injected into FGT and generates the SOT on the FGTacting on NiFe include components of therdnt‘damping-
magnetizatioff? The switching of the out-of-plane magnet-like’ and “ eld-liké symmetries, they can be ascribed to
ization of FGT ake is detected by the transverse voltagénterfacial SOT. The SOT increases below tlet tBi@per-
induced by the anomalous Hale& (AHE) in FGT, as  ature of NiP$(170 K), pointing out a possible relation with
shown inFigure 4b.%? This switching is observed only if an magnetic ordering.
in-plane magnetield H, in Figure 48, 3, 6, or 9 kOe in Proximity E ects. Atomically thin materials are expected
Figure 4DB) is also applied in the current direction, which isto be very sensitive not only to electetds but also to
the usual symmetry breaking condition required in th@roximity eects. We rst consider the proximity exts
experiments of magnetic switching in layers of 3D FNbetween 2D magnets and 3D materials and their potential to
materials with out-of-plane magnetizatioA.similar experi-  change the properties of the 2D magnets. A highly interesting
ment has been reported by Wangl"*® example is the large increas@0bf the 2D magnet FGT
Interestingly, similar experiments of switching by currenwhen it is grown on the topological insulator (TJJ&i°°
induced SOT have been performed with nonconducting 2Dhe bilayer Biey/FGT is grown by MBE and its structure is
magnets, for example on bilayers of CGT and Pt'dr 4.  displayed inFigure 44. The magnetic properties are
The SOT is detected by the Hall voltage ascribed to theharacterized by the AHE associated with the ferromagnetism
introduction of spin polarization and AHE in Pt (Ta) by of FGT. The plot of the AHE resistance as a function of
proximity with CGT. An alternative explanation is by the spitemperature shown iRigure 4fh demonstrates thdt. of
Hall magnetoresistance (SMR) associated with SOT, that BT is enhanced from about 230 K for pure FGT to 400 K in
the dependence of the resistance of Pt (Ta) on the relativeBjTe; (8 nm)/FGT(4 nm) heterostructurd@ decreases at

directions of the current and magnetization of TG increasing thickness of FGT but is still at about 300 K for
SMR eects have been clearly observed in bilayers of tH&i,Tey(8 nm)/FGT(10 nm).
insulating 2D magnet Co-doped Masd T&'*® A precise determinationTofin BLbTey(8 nm)/FGT(4 nm)

As mentioned above, the spin currents inducing SOT can beterostructures can be achieved by the classical Arrott plot
generated not only by the SHE of a 3D material as Pt but alsmd leads to the magnetic phase diagranTef/BGT versus
from SOC eects in 2DEGs at interfaces or surfaces. Amayer thickness and temperatufggnre 4¢. The decrease of
interesting example is given by the theory by &aifi** of T with increasing FGT thickness is in favor of the general idea
the SOT acting on Grin the bilayer Cgimonolayer TaSe  of interfacial eect. However, the role of the large SOC and
heterostructure shown kigure 40. A Crk bilayer is an  spin-momentum locking in the surface states of Tl is not well
antiferromagnet with opposite magnetizations of the twonderstood yet. It was suggested that the large SOC at the
layers. The proximity of the bottom ;Qdyer with TaSe  interface with Ble; could enhance the intralayer interactions
introduces interface states of large SOC and the curreimt FGT° Anyhow, as it is extremely challenging to achieve

owing in these states is converted by the Edelsteifi e room temperature 2D ferromagnets, the type of result
into a spin accumulation that is injected into the bottogn Crldescribed in the preceding lines is very promising for the
later and generates a SOT on its magnetizatjorAn future of the 2D magnets.
interesting result is that the SOT generated by current pulsesProximity eects can also be used to introduce additional
in TaSe can reversen; and convert the Grhbilayer from properties in vdW heterostructures involving 2D magnets. An
antiferromagnet to ferromagnet with parallel magnetizationsetample is the generation of magnetic skyrmions in FGT by
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Figure 42. Spin Seebeckezt and magnon transport with 2D magnets. (a) Crystal structure of CGT and"€$i) Schematic of the
longitudinal SSE measurements in CST/Pt or CGT/Pt bilayétsdenotes the external magnetield and T ( T) the temperature

di erence (gradientj°’ (c, d) Normalized SSE voltag= (V/ T) (L,/L,) as a function oH in the (c) CST/Pt and (d) CGT/Pt bilayers at
selected temperaturé®’ Panels (ad) are adapted with permission from #87. Copyright 2019 American Physical Society. (e) Schematic
of the magnon generation, transport, and detection in Mf®%(f) Optical image of the device with the MnpPSake and Pt electrodes,
including the measurement coguration of the nonlocal SSE® (g) Normalized nonlocal signgRy,) as a function of distanced) for
selected temperatures in a 16 nm-thick MpP8&ke. The solid lines represent the betitng results based on a dision equatiori®® (h)
Magnon di usion length as a function of MnP®ickness () for selected temperaturé§® Panels (e h) are adapted with permission under

a Creative Commons CC BY 4.0 license from4@® Copyright 2019 American Physical Society.
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Figure 43. Skyrmions in 2D magnets. (a) Spin structure ofel Kleyrmion. (b) Pt/Co interface in which the absence of inversion symmetry
generates DMIHpy, = Sg x S5)-Ds,. (€) Side view of the crystal structure of the Janus TMD MnSTe in which the absence of inversion
symmetry generates DM (d) DMI strength calculated for the Janus TMD MnSeTe, MnSTe, and M%&), Skyrmions in MnSeTel

=10 K in applied eld of 0.3 T) from DFT calculation of DMI and Monte Carlo simulatidfi8 Panels (c e) are adapted with permission

from ref480. Copyright 2020 American Physical Society. (f) Side view of the crystal structure gfdWF&T?’ (g) LTEM image of Nel
skyrmion lattice at 180 K under 510 Oe in the sample 2L WAGL FGT (L = layer) at tilt angle 30 and under focus. Scale bar: 500 Af.
Panels (f) and (g) are adapted with permission under a Creative Commons CC BY license 2@nQabyright 2020 Springer Nature. (h)

TEM image of Nel skyrmion lattice in an oxidized FGTake (about 50 m thick) at 160 K, tilt angle 20and over focu$® Adapted with
permission from reR6. Copyright 2021 American Physical Society. (i) Magnetization maps derived from analysis of LTEM image for Bloch
bubbles in a CGT ake at 17 K in aeld of 11.7 mT*®* Adapted with permission from réB1 Copyright 2019 American Chemical Society.

the DMI introduced by an interface between FGT and theolarization of C&° The interfacial hybridization between
TMD WTe,?’ Another example is the introduction of Co and graphene orbitals can also explain strong enhancement
magnetic proximity ect in graphene in combination with a of perpendicular magnetic anisotropy in |@s:°°

2D magnet. Karpiak al**° used ferromagnetic CGT on top Spin Seebeck E ect and Magnon Transport. The spin

of graphene and obtained an exchagldeof few tens of mT  Seebeck ect (SSE) is the conversion of a temperature
using Hanle precession during spin transport, smaller than tadient into a voltage, mediated by spin currents, occurring in
one obtained by Tang et‘at.using CrByand Zeeman spin  simple magnetic material/paramagnetic metal bifa\eits,

Hall measurements (few T). Ghiasial*>* proximitized a potential to be used as thermoelectric conversion
graphene with AF CrSBr. With this combination they obtainedlement$’° In a structure similar to that Bfgure 4B, a

a conductivity spin polarization of 14%, corresponding to @mperature gradient in the magnetic materialzatveates a

much larger exchangeld in graphene (70 T). These  vertical magnon current that leads to magnon imbalance at the
proximity-induced exchangdds are comparable with those top interface. The angular momentum of the magnons (along
obtained using magnetic insulators such as yttrium iron garnetthe magnetization direction determined by the applied
(Y1G)*2545395% or pismuth ferrite (BFOJ® even though  magnetic eld H) is transferredia exchange coupling to the
lower than theoretical predictiérs*>° This is an important ~ conduction electrons of the paramagnetic metal, generating a
addition to graphene functionalities for spintrofficy, spin accumulation. This spin accumulationsds into the

besides long-distance spin tranffbrand spin orbit paramagnetic metal as a spin current apnghich is
proximity eects’® Beyond graphene, we refer to the converted into a charge current alpniathe inverse SHE.
examples of the proximity of £m inducing a zerceld The SSE has been recently observed in 2D magnets. Ito
Zeeman splitting in the valley states of, {58~ al*®’ report SSE in FM insulators CGT and CST (CkpiTe

The properties of 3D materials can also be changed lmpvered by PtHigure 48,b). In contrast to prototypical YIG,
proximity with a 2D material. We referred previously to thé¢he SSE response persists above the critical temperatures in
AHE or SMR eects induced in a Pt layer by proximity with both 2D magnetsF{gure 42,d), which is attributed to
the 2D magnet CGT and their use to detect the magnetic statxchange-dominated interlayer transport of in-plane para-
of CGT#* %47 A proximity magnetoresistance in Pt has alsanagnetic moments reinforced by short-range FM correlations
been reported in combination with &7 In a similar way, and strong Zeemanests.
the interfacial hybridization of magnetic Ni with graphene Furthermore, the SSE has been used to inject magnon
changes the ective spin polarization of its density of statesgurrents in order to study magnon transport. By using a lateral
what has been used to obtain very large tunnel magnetructure, the magnon transport have been i 3D
resistancés$: Similarly, proximity ects in Co/WSgbilayers  insulating magnets such as ferrimagnetit % {Gor AF -
change the sign and magnitude of thecteve spin  Fe0,*" Xing et al*°® used such a nonlocal SSE to
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Figure 44. Toward MRAM with 2D magnets. (a) Schematic of STT-MRAM with 3D matéHalsformation coded by the relative
orientations of the magnetization of the two magnetic layers (green) separated by an insulating MgO layer (red), writing by current-induced
STT and reading by TMR. Adapted with permission from4@f. Copyright 2017 American Physical Society. (b) Schematic of the TMR
device based on a FGT/hBN/FGT vertical stack used for the results shown in pane)s-{é (c) TMR measurement in a FGT/hBN/FGT
vertical stack at 4.2 K. The swapped magnetid is out of plané®® (d, e) Magni ed regions of the TMR measurement around tledd

range of antiparallel comuration (upper panels) and variation of the AHE resistance of the top (blue) and bottom (green) FGT electrodes
in the same eld range. Blue and green arrows indicate the successive orientations of the magnetfZ4giansls (b e) are adapted with
permission from refl09 Copyright 2018 American Chemical Society. (f) Schematic of the device combining a gate-controllég spin-
transition in bilayer Crj and spin ltering in the tunnel junction. Arrows indicate the magnetic orientation of each 8yég) Tunnel
conductance of the device illustrated in panel f as a function of gate voltage (sweeping back and forth) under a constant eté{h&tic

T). The measured tunnel conductance changes when the magnetic order of bilayisr Sritched by the gafé? Panels (f) and (g) are
adapted with permission from réP2 Copyright 2019 Springer Nature.

demonstrate magnon transport in 2D antiferromagnet MnP&arge DMI can also be obtained in Co layers by their interface
(Figure 4&,f). Whereas the current injected in a Pt wirewith graphen®?®
induces the temperature gradient to generate the magnonFor 2D magnets, the simplest situation for chiral magnetism
accumulatiorvia the SSE, a second Pt wire detects theis a structure with inherent inversion asymmetry and intrinsic
di using magnons as a voltaigeéhe inverse SHE. The decay DMI. The opportunity of this situation is given by the so-called
of this voltage with the distanci lfetween Pt wires={gure Janus TMDs, which can be synthesized by controlling the
42g) is used to extract the magnorusiion length of MBS reaction conditiof§? “** An example of Janus crystal
(Figure 4R), which is of the order of the best 3D structure is that of MnSTe shown filgure 48. First
magnefs™ " and thus promising for magnonics. With the principles calculations based on density functional theory
same approach, magnon transport induced by SSE has bESAT) have shown that single layers of the Janus TMD
reported in 2D FM insulator gy Liuet al’ MnSeTe, MnSTe, and MnSSe are FM with Curie temperatures
Chiral Magnetic Structures: Skyrmions. The past  petween 140 and 190 K, out of plane magnetizations and the
decade has seen a substantial development of the resegsgh energies presented fingure 48.%° These DMIs are

on chiral spin structures such as magnetic skyrmions or chigg parable to those generated by Pt/Co interfageré
domain walls. As represented-igure 48, skyrmions aré ,43) anq other interfaces, which are routinely used for the
small local whirls of the magnetization with a topology inducegh, o ration of skyrmioti§*®5 Monte Carlo simulations using
by chiral interactions between spifi° These topological &0 Coiculated exchange and DMI paramegat the FM
spin textures behave as nanoparticles that can be manipul nd state of MnSeTe and MnSTe at zelo develops
by electrical currents, which makes them suitable for import rmions by applying a magneid*2° seeFigure 48. The
applications in mfprmaﬂon teCé%\r(}é)g?g|es. The skyrmions, IBossibility of inducing skyrmiolns in Janus .chromium
;n?isffne(f’szai‘;eomﬂzc%?mpy © The DMI between chalcogenidé&® trihalide$®” and in 2D multiferroi¢¥® has

P ' been also recently reported.

How = (S S)- D, (13) In the general situation of 2D magnets W|th_ centrosymmetric
structures, DMIs can be introduced by breaking their inversion

whereD,, indicates the DzyaloshinsMioriya vector. The Symmetry by interfaces betweererént 2D materials. An
DMIs are induced by SOC in systems without inversio@xample of interface induced DMI is the bilayéigafe 48
symmetry, either in noncentrosymmetric lattices or when tHg which the TMD WTgis deposited on a FGT layer. The
inversion symmetry is broken by the presence of an interfatd EM images at tilt angle frigure 48, with black and with

In recent years, most studies on chiral domain walls arlf-moons, are typical of@Nekyrmions, which have been
skyrmions have been performed in systems with interfacscribed to DMIs at the WJEGT interfac€.” However,
induced DM, “"® as illustrated, for instancefFigure 4B DMIs at the single WHEGT top interface are not expected

by a Pt/Co bilayer in which Pt brings its large SOC, while théo generate a skyrmionic texture extending to the bottom of
inversion symmetry is broken by the presence of an interfatlee stack of 30 FGT monolayers. The authors have suggested a

7012 https://doi.org/10.1021/acsnano.1c09150
ACS Nan®022, 16, 69607079



Figure 45. 2D magnet-based SOT-MRAMs. (a) Top: Schematic of a SOT-MRAM based on 3D rfaieriahich an electrical current in

the heavy metal (Ta) of the bottom electrode generates by SHE the vertical spin current injected in the bottom FeCoB layer. This injection
of spin current switches the magnetization of FeCoB by SOT (writing). The state of the memory is detected by the TMR of the FeCoB/
MgO/FeCoB MTJ (reading&. Bottom: Detection by TMR of the SOT-induced switching of the magnetization of the bottom FeCoB layer in

the device of the schematit’ Adapted with permission from ré&0D7. Copyright 2014 AIP Publishing. (b) Top: Schematic of a bilayer for
SOT-MRAM in which the orientation of the out-of-plane magnetization of a FGT layer codes the information and is switched by the SOT
generated by the SHE of the Pt layéf.As shown in the bottom part of thegure, the switching is detected by the AHE resistamge

derived from the voltage between transverse contacts. Adapted with permission under a Creative Commons CC BY-NC 4.0 license from ref
443 Copyright 2019 AAAS. (c) Image of a heterostructure for SOT-MRAM in which the magnetic state of a CGT layer can be switched by
the SHE of a Ta layéf'® (d) Comparison of the current densities and in-plaredds required for SOT switching in devices based on 3D
magnetic layers (CoFeB, MnGa, thulium iron garnet (TmIG)) and 2D magnets (FGT, CGT). The best results so far are for T#/CGT.
Panels (c) and (d) are adapted with permission from4é6. Copyright 2020 John Wiley and Sons.

skyrmionic texture extending to only a certain depth, but itsbtaining almost ideal interfaces when stacking them with
exact prde has not been determirfédNeel skyrmions have other vdW materials. The voltage control of magnetism present
been also clearly idemtil in LTEM images of similar FGT in atomically thin materials allows, in some cases, for extra
layers® as shown iffigure 4B. These skyrmions are ascribed functionalities beyond the classical spintronic devices.
to DMIs at the interface between top and bottom oxidized The prototypical spintronic device is the spin valve, which
FGT layers and the nonoxidized central FGT. Thisconsists of two dérent magnetic conducting layers sandwich-
interpretation is consistent with the absenceadfskigrmions  ing a nonmagnetic layer. The latter can be either a conductor
replaced by magnetic bubbles of Bloch type in FGT samplesan insulator, giving rise to giant (GM&Y?or tunneling
without oxidation®*® The pending question for the ele  magnetoresistance (TMRJ/** respectively, caused by the
skyrmions in the oxidized samples is again the exétpro spin-dependent transport across the device. Since the 90s, the
the skyrmions as a function of the depth in therbthick GMR has boosted the technologies of information storage, for
FGT. Nevertheless, the promising result with the skyrmions @xample in the read heads of the hard disk triiée TMR
FGT ofFigure 48 is that they can be moved by current pulsef MTJs is exploited today in nonvolatile magnetic random
as classical Mleskyrmions in 3D materidls. access memories (MRAM)igure 44), and recent advances

In the absence of DMI, 2D magnets with out-of-planéhave been achieved in STT-MRAMs using magnetic layers
magnetization generally present spin textures of the magnetith out-of-plane magnetization and spin-transfer torque
bubble type, bubbles of reversed magnetization surrounded(8 T) for electrical switchifig*°® The advantages of the
a Bloch domain wall, as showiriure 4Bfor CGT*** and STT-MRAMs are nonvolatility, superior scaling properties,
already mentioned above for nonoxidized #Glhe speed, and low energy consumption. They are presently
possibility of inducing skyrmions from mechanisms otherommercialized as a replacement for SRAMs and eFlash in
than DMI such as dipoldipole interactions in FGT on Co/ embedded cache memories.

Pd superlattices has also been reptitéd. addition, the MRAM technology could bemnefrom 2D magnets that
skyrmion formation in 2D magnets using Moétterns in present large magnetic anisotropy in atomically thick layers
vdW heterostructures was also propéSed. and can also be integrated with vdW heterostructures for a

Spintronic Devices. 2D magnets can be integrated into great variety of devices. An MTJ using 2D magnets was
more complex structures to create spintronic devices that coalchieved by stacking twakes of FM layered dichalcogenide
present interesting advantages for rapidly emerging techndi@; ,sTaS, where native F@s oxide layer works as the
gies. An example of such advantages is the possibility splcing layer, reaching above 6% TMR f&tiGmilar
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Figure 46. Devices based on current-induced motion of skyrmions in 2D magnets. (a) Skyrmion motion induced by current pulses in a FGT
track®® Each STXM image is acquired after injecting unipolar current pulses of 50 ns. Two individuakeNskyrmions are outlined in

colored circled for clarity. The diameter of the skyrmions is about 200 nm, their velocity is around 1 m/s for a current density bd'1.4

A/m? and the width of the track is 50m .2 Adapted with permission from réb. Copyright 2021 American Physical Society. (b) Schematic

of racetrack memory storing data by aligning skyrmions like beads on an abacus and displacing them by current-induced SOT from write
head to read heali® Adapted with permission from ref76 Copyright 2018 AIP Publishing. (c) Proposal of skyrmion-based racetrack
memory based on the SOT-induced motion of antiferromagnetically-coupled skyrmions in two layers coupled by AF interabtiemstt

inset is a schematic of an antiferromagnetic (AFM or AF)-coupled nanotrack and the right inset represents AF-coupled skyrmions in Co/
Ru/Co trilayers>'? As the AF-coupled skyrmions have the same chirality but opposite polarities, their motion has the advantage of being
along the current direction (no Skyrmion Hall ec°9°*2513) Note that the racetrack memory of the schematic includes not only injector

and detector but also an update/delete/insert. Adapted with permission froBifCopyright 2018 IEEE. (d) AF-coupled Giayers in a

Crl, bilayer? Adapted with permission from ré&k Copyright 2018 Springer Nature.

devices, replacing one of the magnetic layers wighaSy, Large magnetoresistances are also achievable in devices
yield up to 15% TMF® Taking advantage of vdW stacking, where the magnetic and nonmagnetic layers are swapped, and
Wanget al'® used atomically thin hBN as an insulating layetwo nonmagnetic conductors sandwich a magnetic insulator
between two FGTakes Figure 4B), where a TMR up to  that acts as a spifiter. Altering the magnetic state of such
160% is observeHiQure 44 e). This allowed the authors to spacervia applied magneticeld could lead to the large
determine a spin polarization of 0.66 for the density of statesdin erence in the spin-dependent tunneling giving rise to
FGT!°° Theoretical calculations predict that TMR ratiosenormous TMR values (s8pin Filtering Eect section for

could exceed thousands of percent in such heterostfiicturesdetails). Taking advantage of the voltage control of magnetism
By replacing hBN with graphite, the observation of threpresent in these atomically thick materials, &aify* and
resistance states is reported and attributed to spin-momentudianget al*®> combine the spinitering in a graphene/Gtl

locking at the FGT/graphite interface caused by the strongraphene heterostructure for reading the magnetic order of
SOC in FGT Furthermore, recent theoretical studies Crl; with the electrical switchirityfiting’) of such magnetic
pointed out toward realization of four resistance states rder via spin-ip transition (seé-igure 4#). This device

vdW multiferroic tunnel junctions comprising FGT layersshows nonvolatility and a large conductance change between
separated by 2D ferroelectrisSkybarrier layerS* TMR up the di erent magnetic orderSigure 44), which could be an

to 3.1% has been reported when using semiconducting Ma8ternative in MRAM applications. For another; Crl

as a spacer, acting as a conductor rather than a tunrwdterostructure, we have already mentioned a change of
barrier:™® The prediction of FeglFeBy, and Fel as half ~ conductance induced by a sgim-transition of a Csl

metals suggests these materials could further improve thiayer'*

gures for TMR?? Beyond the standard spin valves, devices STT-MRAMSs are expected to be ultimately limited in speed
where the two magnetic layers do not conduct but spirbecause of the relatively large switching latency of STT and
polarize the electrons of the nonmagnetic spacer by strohggh currents required to reach sub-ns switching times, which
proximity eects have been theoretically proposed by Cardostan damage the MTJ tunnel barrier. One of the most solid
et al”° who model a bilayer graphene sandwiched by twalternatives is the SOT-MRAM in which the magnetic state of
Crl; monolayers. A band gap opens at the Dirac point ofin MTJ is switched by the SOT induced by the spin current
graphene in the antiparallel auration, whereas in the generated by the Edelsteirea®® and/or the SHE in a
parallel corguration, the graphene bilayer remains conductnaterial with large SOE °°® They oer unmatched

ing. switching speed and endurance compared to STT-MRAM.

7014 https://doi.org/10.1021/acsnano.1c09150
ACS Nan®022, 16, 69607079



We present below the perspective with 2D magnet-based SOfterlayer exchange interactions as for instance, Co layers
RAMSs. separated by a layer of Ru, see right inSfire 462*°The

In the schematic of SOT-MRAM with 3D materials inresulting “AF skyrmioris have several advantages. The
Figure 48, a horizontal currenowing in the Ta layer compensated magnetizations lead to a decrease of the dipolar
generatesia SHE a vertical spin current injected into the elds and smaller interactions between skyrmions. In addition,
bottom FeCoB layer of the MTJ to switch its magnetization bfor current-induced motion, there is a compensation of the
SOT?’ Figure 4a also shows an example of the TMR signatransverse dections of the skyrmions by the so-called
re ecting the current-induced back and forth switching of thekyrmion Hall eect and the motion is along the current
FeCoB/MgO/FeCoB MTY’ One can see a similar switching direction (along the trackfigure 46 and right inset show
of the magnetization of a FGT layer by SOT for the device iachematics proposed for racetrack memory with AF sky-
Figure 46 reported by Wareg al***Here the SHE inthe top  rmions2*® Figure 48 shows how this concept could be
platinum layer generates the vertical spin current injected instudied in a bilayer of Gih which the magnetizations of the
the FGT to reverse its magnetization that is detected by AH&o0 layers are antiferromagnetically cotipled.
resistance of FGT. Thgure displays an example of back and One of the most important current challenges in spintronics
forth switching of the magnetization of FGT similar to those ifs the development of low-power components to reduce the
Figure 44& for FeCoB (in both cases, the switching requires agontinuous increase of energy consumption by information
applied magneticeld along the current direction). The technologies. It is already starting with the massive production
schematic ifrigure 46 represents another example of deviceof low power STT-MRAMs for computers and smartphones.
harnessing the SHE of Ta to switch the magnetization of tHgevices based on 2D magnets can participate in the next
2D magnet CGT° Actually, the performance of such SOT generation with components harnessing commands by voltage
devices can be characterized by their requirement of smail relativistic SOTs and concepts based on the topological
current density and small appliettis.Figure 48 compares  properties of skyrmions for further reductions of energy
the current densities and in-plaméds required for SOT consumption and faster speeds. We have shown that, in several
switching in devices based on 3D magnetic layers (CoFeRpes of these devices, the 2D magnets should hawasigni
MnGa, TMIG) or 2D magnets (FGT, CGT). The comparison advantages over the 3D materials. However, the obvious
is at the advantage of 2D magnets, in particular Ta/CGThottleneck, as we have mentioned, is the excessively low
However, the obvious disadvantage of 2D magnets is the lovdering temperature of the 2D magnets. The challenge is
temperature that is required. They would be very promising féicreasing this temperature, and we have described some
applications if theff can be raised above room temperature promising results on this problem. Putting the temperature
as it has been already achieved for FGT grOW@T@f%j)r issue aside, it turns out that 2D magnets, whether alone or
with electrostatic doping. integrated in vdW heterostructures, can improve the perform-

Finally, recent results of skyrmions on 2D magnets mance of several types of spintronic devices. It can be illustrated
induce additional work on skyrmionic devices. The use &y the comparison between 3D and 2D SOT-MRAMs in
skyrmions for applications has already been put forward fgure 45 In other domains of technology, 2D magnets
several technologies, from devices for data storage REovide a pathway to other device concepts. As scientists, we
components for logic functions, neuromorphic or reservo’®€ happy to explore these intriguing roads in physics and
computing systerﬁ%%. The most prominent application of technology.
skyrmions is the racetrack device initially proposed for domain
walls?*°Replacing domain walls with skyrmions has importadlAGNETIC-TOPOLOGICAL PHASES
advantages. A large number of recent papers have beesulators are known to be nonconducting becauseité a
devoted to several types of skyrmion-based racetrack memogiesrgy gap that separates the conduction and valence bands.
based on the motion and manipulation of skyrmions in a trac®ver the years, the drences between insulators have been
of magnetic materfd®®°® Current-induced motions of considered only quantitatively, as for example t#entie in
skyrmions in 2D magnets have been already demonstratétth band dispersion and in the energy gap size. Over the past
as inFigure 4& showing sequential images of the motion otlecade, however, it has been demonstrated that insulators can
skyrmions (with a diameter around 200 nm) induced byactually be further clagsi into dierent classes according to
current pulses in a track of F&TFor 2D magnets, such the topology of their band structures. For instance, the usual
results are an initial step toward the implementation of ardering conduction and valence bands of an ordinary
skyrmion racetrack memoryigure 4B) storing data by insulator can be inverted by strong smibital coupling,
aligning objects like beads on an abacus and moving sucleading to a topological insulator (T1).The inverted bulk
train of skyrmions from an injector of skyrmions to a detectdsand structure topologically gives rise to metallic surface states.
to read the stored d&t&°°° Up to now, the current-induced Therefore, a topological insulator is characterized by gapless
motion of skyrmions have been mainly studied in 3D layers siirface states inside the bulk energy gap. These surface states
magnetic metals as Co or CoFeB in which the defects amdmmonly exhibit a Dirac cone-type dispersion in which spin
roughness lead to pinningeets and nally to nonuniform  and momentum are locked-up and perpendicular to each
velocitieS!" The expected advantage of 2D magnets as thether. Topological insulators have been observed in many
FGT of Figure 4& should be a lower density of defects andmaterials (e.g., rBil7and references therein), such as HgTe
more uniform velocities. One can even see that the motion ahd BjSe.
skyrmions in FGTRigure 48, is almost uniform. Recently, a great interest has been triggered by the discovery

In addition, 2D magnets provide interesting opportunitiesf topologically nontrivial states in materials that are not
beyond the usual scheme of skyrmion-based racetraicksulators, such as topological metals and magnetic topological
memory. A couple of recent works have been devoted toetals, involving Weyl and Dirac Fermiths>° While the
skyrmions in magnetic layers antiferromagnetically coupled éyistence of massless Fermions was demonstrated in 1929 by
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Figure 47. (a) Magnetic structure of g&n,S,, showing a FM ground state with spins on Co atoms aligned alongdkis. (b) Kagome

lattice structure of the Cgn layer. (c) Topographic image of the CoSn surface. (d) A zoom-in image of the CoSn surface (left) that shows
similar morphology with the FeSn surface (right) in;E8. The inset illustrates the possible atomic assignment of the kagome lattice.
Panels (ad) are adapted with permission under a Creative Commons CC BY 4.0 license froid.rébpyright 2020 Springer Nature. (e)

The temperature dependence of the intrinsic anomalous hall conductivity 8r£3. (f) Left: linear band crossings form a nodal ring in

the mirror plane. Right: Spinorbit coupling breaks the nodal ring band structure into opened gaps and Weyl nodes. The Weyl nodes are
located just 60 meV above the Fermi level, whereas the gapped nodal lines are distributed around the Fermi level. Panels (e) and (f) are
adapted with permission from réfL5 Copyright 2018 Springer Nature.

Hermann Weyl, Weyl Fermions have remained elusive untipological semimetals, we have id=ht few systems that
very recently with their discovery in condensed matter systemsll be discussed in the following.

In solid-state band structures, Weyl Fermions exist as low-The interplay of symmetry, relativistiectes and the
energy excitations of the WSM, in which bands dispersgagnetic structure, in magnetic materials, allows for the
linearly in 3D momentum space through a node termed a Weigalization of a wide variety of topological phases through
point. The whole ground state (surface and bulk) of WeyBerry curvature design. Weyl points and other topological
metals are exotic, ideeti by topological Fermi arcs on the €lectronic bands can be manipulated by various external
surface and chiral magnetieats in the bulk. Thus, the Perturbations like temperature, magnefids and pressure,
topological metals have expanded the repertoire of exomplch rgsults in exotic local properties suc.h as the chiral or
topological states, making unforeseen physics readily acces@fig¥itational anomaly and large topological Halitss

and constitute a fascinating recent topic of modern quantufNCcepts which were developed in otledtls of physics
matter research. such as high energy physics and astrophysics.

Magnetic topological phases of quantum matter are an©One€ strategy tond FM Weyl semimetals is to look for

emerging frontier in physics and material scj.Materials that exhibit an anomalous HaliteThe anomalous

ence? 14516517521 527 Magnetic Weyl/Dirac semimetals are Hall e ect can in part be attributed to scattering mechanisms,

topological materials expected to host Weyl Fermions ggt there is also an intrinsic contribution arising from the Berry
curvature of the band structure. Accordingly, being monopoles

emergent electronic quasipar_ticle§ anq to display fascinaf] erry curvature, Weyl points (or topological nodal lines), as
interplay betwet_en the tppploglcal Invariants a!”d the magnetfserved in magnetic topological semimetals, increase the
order. Theoretlcally, It Is expected that in & magnetig,majous Hall conductivity. Using this approach, several
topological system there is a wealth of topological phasggngition-metal-based kagome magnets were edent
associated with broken time-reversal symiffetiy. In ferro- or ferri-magnetic Weyl semimetal candidates, as they
addition, topological magnets may show the occurrence @iaiyre both large Berry curvateiels and unusual magnetic

intriguing topological phase transitions upon approaching t'f'@nabilitf.“ 516525529 532 Tha kagome lattice is a 2D pattern
magnetic transition temperature. Also, the typical energy scgfecorner-sharing triangles. With this unusual symmetry and
for spin orbit coupling is only 0.1 eV, which has hindered thehe associated geometrical frustration, the kagome lattice can
search for wide band gap topological insulators useful fapst peculiar states includingt band$'® Dirac Fer-
technical applications. By contrast, magnetic exchange splitiigigns25°2° and spin liquid phas%”gfm In the transition-

is easily of the order of 1 eV, so that large and robust bamgetal based kagome family, the magns®nSe (Figure
inversions may be easier to produce through magnetism. Fa,dP*°3* is found to exhibit both the largest anomalous
all these reasons, the study of magnets with topological baddll e ect (Figure 4&) and anomalous Hall angfleFrom
structure has emerged as an exciting research path. In ¢t crystallographic point of view;®g5, has a layered
guest to nd suitable systems to investigate the magnetistructure with a CoSn kagome lattiGigi(re 48). Cleaving a
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sample at cryogenic temperatures often reveals Sn andr&tion of the in-plane AF (bottom panetigiire 4B) state
terminated surfaces as demonstrated by our recent STdfdows and becomes the dominant component at 170 K. Both
study>*® order parameters exhibits a monotonous decrease and clear

In addition to these two dominant surfaces, we also rarefgparation with increasing temperature.
found CoSn surfacesSigure 4¢, left panel of (d)) which lies Figure 48 shows the temperature dependence of the
under the S surface. An enlarged view of this surface revealslative volume fractions of the out-of-plane FM and in-plane
similar morphology similar to the FeSn surface (right panel &fF ordered regions along with the total magnetic fraction.
Figure 4d) in FeSn, at the atomic level, both of which are Arrows mark the critical temperatdigsandT, for FM and
consistent with the transition metal based kagome lattic®F components, respectively as well as the transition
structure as seen in the STM imageBigure 4d. This  temperatur&;, below which only FM component is observed.
material has a FM ground state (Curie temperatire ®f |t is clear that the volume of AF component develops at the
177 K) with a magnetization arising mainly from the cobal¢ost of the FM one. The keyding of our SR experiments is
moments. Density functional theory (DFT) calculations havghe observation of a phase separated ferromagnetically and
predicted 6 pairs of Weyl points located only 60 meV abowhtiferromagnetically ordered regions in the large temperature
the Fermi levél® (Figure 4%). Theoretical calculations show range in the Weyl semimetab&%S, (Figure 48).
Fermi arcs, the protected topological surface states charactege further show” that the competition of these magnetic
izing Weyl semimetals, below the Fermi level on the (00Jphases is tunable through applying either an external magnetic
surface. Moreover, using scanning tunneling spectroscopy,eft or hydrostatic pressure. | note that although the measured
pronounced peak at the Fermi level was observed, which wasment size of Co is only of the order of .lising SR, we
identi ed as arising from the kinetically frustrated kagatme were able to measure the whole temperature dependence of
band’*®High- eld STM experiments evince that state exhibitsuch a tiny moment as well as to determine the magnetic
an anomalous magnetization polarized many-body Zeemgtfucture in Cg8nS,.>**High sensitivity of theSR technique
shift, dominated by an orbital moment that is opposite to the extremely small moments is a tremendous advantage over
eld direction. Such unusual negative magnekigyore other magnetic probes.
48a,b) is induced by spiorbit coupling quantum phase  One of the most striking electronieas in CgSnS, is a
e ects tied to nontrivialat band systems’ large intrinsic anomalous Hall conductivity and a giant
anomalous Hall angle, due to the considerably enhanced
Berry curvature arising from its topological band structure.
Astonishingly, we found that the temperature dependence of
the anomalous Hall conductivity very closely matches the
volume fraction of the out-of-plane FM component, giving rise
to an excellent linear correlation between these two quantities
(Figure 48).>** This is one of the rare examples of such a
gquantitative correlation between the magnetic volume fraction
and the Berry curvature induced anomalous Hall conductivity
(Figure 48).

From rst principles calculatioti§we concluded that the
AHC is dominated by theaxis FM structurg={gure 48),
providing an explanation for the reduction of the AHC when
the ordered volume fraction of the out-of-plane FM state
decreases. These results have strong impact since we establish
Co;SnS, as a material that hosts topological electronic states
lattice. (b) Upper panel: Orbital magnetism for theat band and frgstrated magnetlsm..Our e)_<per|ments _suggest that the
calculat((ed) frgr% rsFt) principles. Thegmagnetic moment (red Co spins have both FM interactions aloagis and AF

arrows) is plotted along theat band. The red bar marks the interactions within the kagome plane, and there is a
units of the magnetic moment value. Lower panel: Orbital temperature dependent competition between these two

magnetism from the magnetic kagome lattice model. The magneticordering tendencies. The interplay between this intricate

Figure 48. (a) Upper panel: lllustration of the magnetization-
polarized Zeeman ect for CqSnS,. Lower panel: illustration of
the large negative orbital magnetism of ttet band in the kagome

moment (red arrows, arbitrary unit) is plotted along that band. magnetism and the sprbit coupled band structure further
All panels adapted with permission from fefi Copyright 2019 induces nontrivial variations of its topological properties, which
Springer Nature. is characterized by a striking correlation between the giant

anomalous Hall transport and the FM volume fraction. Our
Despite the knowledge of the occurrence of ferromagnetigesults demonstrate thermal tuning of Berry curvaeots e
belowT. = 177 K with spins aligned along thaxis (see  mediated by changes in the frustrated magnetic structure. Our
Figure 4@) there was no report of its interplay with the ndings implicate control and manipulation of topological
topological band structure. We have carried out high-ermionsvia thermodynamic and magnetic interactions.
resolution ambient and high-pressus®’*’**3** and Moreover, the interplay between edént magnetically
neutron diraction, combined withist-principles calculations, ordered regions, each of which possesses distinct topological
muon stopping site calculations and group theoretical analysisariants, can possibly give rise to physical properties at the
to systematically characterize the phase diagram wofagnetic domain boundaries. Additionally, it enables the
Co,SnS,>* We found two magnetically ordered fractions indesign of switchable magnetic materials with desired magneto-
CosSnS, with di erent moment sizes: At low temperatures,transport properties for potential technological applications.
the very homogeneous out-of-plane FM structure (top panel ofMotivated by the scaling between AHC and the FM fraction
Figure 4B) is dominant, and with increasing temperature, thén Co;Sn'S,, analytical modéP was built taking into account
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Figure 49. (a) The temperature dependence of the relative volume fractions of the two magnetically ordered regions. Arrows mark the
critical temperature3 ¢, and T, for FM and AF (or AFM) components, respectively as well as the transition tempefdiupelow which

only FM component is observed. (b) Spin structures ofSIg5,, i.e, the FM and the in-plane AF (or AFM) structures. (c) The correlation

plot of anomalous hall conductivity versus FM fraction. (d) Calculated AHC for out-of-plane FM and in-plane AF structures. The inset
shows the calculated Berry curvature distribution in the BZ at the FM phase. All panels are adapted with permission under a Creative
Commons CC BY 4.0 license from #&f4. Copyright 2020 Springer Nature.

Figure 50. (a) Calculated fractions of the ferromagnettsamd antiferromagnetism (1 F) in Co;SnS, and (b) averaged Chern number as
a function of the in-plane AF correlatialy, taking into account uctuations in the Hunts coupling. All panels are adapted with permission
under a Creative Commons CC BY 4.0 license fronb8& Copyright 2020 American Physical Society.

both localized electrons giving rise to a magnetic transition atite kagome lattice. Itinerant and localized electrons (the latter
conduction electrons producing topology of Bloch bands dimrming core spin-1&2on each atom) are coupled through a

7018 https://doi.org/10.1021/acsnano.1c09150
ACS Nan®022, 16, 69607079



strong Hun FM mechanism. Husdcoupling along- strong magnetiaictuations, was discussed as an origin of the
direction, Mott physics and electron-mediated interactiort®pological Hall eect.
between the halfled orbitals was shownto reproduce the A giant AHC was also found in48¥, an exfoliable, highly
out-of-plane ferromagnetism and an AF transition witi a 12@onductive semimetal withirBc quasiparticles and a
spin ordering in thety plane, as we observed experimen-vanadium kagome net. Even without report of long-range
tally>* Interestingly, it was shown that the (average) &ystemmagnetic order, the anomalous Hall conductivity reaches
magnetization in tredirection smoothly reduces to zero after 15507 * cm™. It was theoretically suggested that the
the transition, producing the progressive canting of the spik&gome sublattice in Sk is acting as tilted dynamic spin
such that the statistically averaged Chern number follows tBisters, giving rise to an enhanced skew scattezdtlg e
FM fraction (seeFigure 50 This shows an excellent responsible for_large AHE. Charge-sensitive probes have
agreement with our experimentally obtained striking correlguggested exotic charge ofdein the kagome super-
tion between topological hall conductivity and the FM fractiorfonductor K¥Sh;, which can lead to giant anomalous Hall
According to DFT calculatiGhéthe energies of the out-of- € €ct. Using the SR technique we provided systematic
plane FM and in-plane AF cgarations are similar. It seems evidence for the éexustence of time-reversal symmetry-breaking
that temperature or In-dopingeat§>® this intricate balance, DY charge ordéf® We showed that the breaking of time-
and tip it in favor of the in-plane magnetic structure. Théeversal symmetry is spontaneous and that the magnetic

hydrostatic pressure also causes a suppression of both FM E§RPonse can be enhanced by external maggleticThe
fe-reversal symmetry breaking charge order is indicative of

AF state§” but a pressure as high as 20 GPa is needed Y _ . ;
which both orders are suppressed simultaneously. f¥ténded Coulomb interactions, which would lead to
CosSn, ,In,S, however, only small amount of In iscant correlated superconductivity. In the superconducting state,
to pusﬁ( the system toward the AF or helical state. Indiutf® Nd superconductivity of multigap nature and with a dilute
substitution introduces holes to the system and at the Sarﬁgperwd (Iovv_ (;ien_sn_y of Cooper pairs), indicating th"?‘t the
time increases the separation of the kagome layers Wm}éoerconductlvny is indeed correlated and unconventional.
hydrostatic pressure shrinks the lattice and no doping | NTHESIS AND SAMPLE PREPARATION
expected. This suggests that lattice expansion and/or hole " ) . . .
doping disfavors the out-of-plane FM state. It was also recerlfly this section, we review the main methods of preparing
shown that the coupling of this matavidbpological ~ afomically thin samples of vdW magnetic mateigls
properties to its magnetic texture leads to a strongly excharfdoliation from larger bulk crystals (and the methods to
biased anomalous Halleet, which was argued to be likely 9roW the parent crystals), protecting sensitive samples from Fhe
caused by the coexistence or competition of two magnefi@Vironment, and bottom-up growth by vapor synthesis
phase&® The interplay between the competing magnetid“_ethOdS- Controlling sample quality and defects is also
states and the spiarbit coupled band structure further seem d'sé:“fsT.ed.' £ 2D es.D hei < interl
to induce nontrivial variations of the topological properties qf EXfoliation of 2D Samples. Due to their weak interlayer
Co:Sn, ,In,S, which is evidenced by a nonmonotonous |n-Interactions, magnetic vdW crystals can be readily cleaved to
XPHIX ]

doping dependence of the anomalous Hall condtvity. produce 2D akes with thicknesses on the nanometer scale

The AHC was also shown to be selectively tuned from 0 to (510 nm)”*" ***The p“’.“afy method .for i_solating such thi”.
very large value 1600 > cm® in magnetic Heusler akes from bulk magnetic vdW materials is through mechanical

. . . . : foliation, similar to other vdW 2D materials. This method
compoundsia suitable manipulations of the symmetries and* VO ; ; .
bandp structures of the matpe fi4lsA large AH)(/Z was also involves physically cleaving layers from single crystals with

: X . : adhesive polymers (such as commercially available tape or
predicted and recently observed in noncollinear am'ferrom%lydimethylsiloxane (PDMSJF**° 52 The processow is

nets such as M@e or MQSU’ In Wh'.Ch the Berr)5/4gurvature simple: place a single crystal on the adhesive polymer, fold and
originates from the noncollinear spin structaré"

Topolodical electroni 5o found for th unfold the adhesive polymer several times, then transfer the
opological electronic response was aiso tound for the 185, mer with exfoliatedkes onto the desired substrate (often

earth-transition metal based kagome system ¢EhMn quartz, sapphire, or $j°° °°° This process can be done
Namely, Shubnikode Haas quantum oscillations With \yithin an inert environment (such as a glovebox) without
nontrivial Berry phases from relatively lelds (7 T), a exposingakes to solvents, heat, or atmosphere, which is ideal
large AHC (0.14%/h per Mn kagome Iayelr), arising from o air- ‘and moisture-sensitive vdW magnets. Liquid phase
Berry curvatureelds, and quasi-inear H') magneto-  exfoliation (LPE), in which various mechanistic methods (such
resistance (MR) likely resulting from linearly dispersivgs jon intercalation, ion exchange, and sonication) are used to
electrons. Moreover, Thpfim was found to demonstrate a preak single crystals into a solution of single-layer sheets, is an
bulk-boundary correspondence between the Chern gap and figernative exfoliation Aproééé%% 560 implemented for
topological edge state, as well as Berry curva@lgdre gselect 2D magnets: °°* Though highly scalableakes

correspondence of Chern-gapped Dirac Ferfiiofis.  optained through LPE are typically lower quality compared
Thus, it is idented as a promising topological magneticto those produced by mechanical exfoli&tion.
system“?** Using SR, neutron daction and magnet-  Depending on the material, mechanical exfoliation with

ization we idented the low-temperature magnetic state inadhesive polymers can reliably yi#es on the order oflO
TbMneSr;, which seems to be responsible for theTlow- mx 10 m in lateral dimensions,large enough for device
topological transport properti€§ A number of nontrivial ~ fabrication and measurement. However, for especiallit di
magnetic phases and a large topological teall was also to exfoliate materials|m-assisted methods have been
observed in another rare earth-transition metal based systdaveloped. These entail exfoliation with adhesive polymers
YMngSry.>?” A nematic chirality mechanism, which comesfollowed by transfer to substrates with large adhesion
from frustrated interplanar exchange interactions that triggeompared to the interlayer binding energy of the crystal. For
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Figure 51. Mechanical exfoliation methods. (A) Schematic of t@;Alm-assisted mechanical exfoliatioiithe strong adhesion between

the crystal and the AD; Im makes it possible to exfoliate layered crystals that are otherwisrildito cleave from Si©surfaces using
conventional methods. Adapted with permission from ref2. Copyright 2018 Springer Nature. (B) Schematic of the Au-assisted
exfoliation process. First, a thin layer of Au is deposited onto a substrate, then a freshly cleaved bulk crystal is placed on the Au layer. The Au
is then removed with a Kl§ aqueous solution etchant® Adapted with permission under a Creative Commons CC BY license fr@ifiGef
Copyright 2020 Springer Nature.

Figure 52. Identication of exfoliated layer numbers. (A) Optical contrast map of a representatiyedke (left) and the corresponding
optical contrast per number of layers (righitpdapted with permission from réf Copyright 2017 Springer Nature. (B) Left: Optical image
of few-layer akes of MnBiTe, exfoliated onto AlO;. The corresponding layer number is labeled on selecéée@s. The scale bar is 2.
Right: MnBj,Te, transmittance versus layer numééJrAdapted with permission from réfL1. Copyright 2020 AAAS. (C) Optical image of
few-layer FgGeTe akes exfoliated onto ADs.*? (D) AFM image of the area in (C) marked by a solid black sqdafhe scale bar is 2m.
(E) Height pro le plotted versus length along the white line in (B)Panels (C E) are adapted with permission from r&f. Copyright
2018 Springer Nature.

2D magnets such as;GeTe and MnBjTe,, an AJO; from the AJO; process is attributed to the increased contact
assisted exfoliation was establisfiégure 5A).*>™* It area and anity between the AD; Im and the target
consists of covering a bulk surface with &y &lin Im, crystal? When exceptionally large 2&kes are required, Au

exfoliating the stack onto thermal release tape, which d¢an be used as an exfoliation substrate to isolate millimeter-
subsequently picked up and transferred onto a suitabsized monolayers of a variety of 2D materials, including 2D
substrate with PDMS. The increased yield of exfolakesl magnets such as;6eTe (Figure 5B).°°® °°° Though Au-
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assisted exfoliation is by far the ma=tteve at isolating large are the most widely used. After these layered crystals are
monolayers, it necessarily requires a solvent to remove the grown, a conventional mechanical exfoliation techiigse
layer beforeakes can be utilized, which can damage especiatigscribed above) can be used to obtain monolayer and few
sensitive 2D magnets. In contrast, th®;Alechnique is  layer thick crystals on the desired substrate. While the
solvent-free, allowing for feasible preparation of pristingeviously mentioned techniques are currently the most
sensitive akes. common, recent studies are beginning to develop synthesis
After exfoliatedakes are transferred onto a substrate, thenethods, which will expand our understanding of how to
universal method for identifyingke thickness is through isolate low dimensional magnetic materials using bottom-up
optical contrast>#!11122552570 574 A demonstrated by growth methods.
Novoselov et al°? single-layer akes can be optically Bulk vdW Crystal Growth. Vapor Transport.CVT
identi ed under a microscope if a suitable substrate is choseaactions were established in the 1930s, and over the decades
Light incident on theake/substrate interface will interfere to has proven to be an incredibly reliable aadtige route to
generate an optical contrast that dependsakm thickness  synthesize high-quality, defect-free crystals, including many
(Figure 52 C), wavelength of the incident light and layered magnetic crystdls®®*To achieve the highest quality
thickness of the substrate, anle materialHigure 52 impurity-free crystals by CVT, high purity (3N+) precursors
C).>"*>"> Though optical contrast is an indirect measure ofire vacuum sealed in thick 2Lmm) quartz ampules. In
ake thickness, it can be combined with AFM imaging to magddition to having the utmost control over the environmental
contrast to layer numbeFigure 5B,E)>%*>'?> AFM also  conditions for the growth, the vacuum sealing process is
screens for polymer or solvent residue introduced during tmecessary to minimize the ambient pressure inside the ampule,
exfoliation process. In certain materials, Raman spectroscomsisncredibly high pressures can build within the ampule due to
used as a noninvasive probe to deternaike thickness by the high temperature thermal processing required for crystal
taking advantage of a systematic shift of particular Ramgrowth.
modes as a function of layer number in the few-layer In a typical vapor transport reaction, precursor materials are
limit 122574576 transported from a source across a temperature gradient to a
Protection of 2D Samples. Atomic-scale magnetiakes sink, where Le Chatelgemrinciple governs the transport
are often extremely sensitive to the nanofabrication stegsection. Exothermic reactions transport from a cold zone to a
required to produce functional devices, including exposure ot zone, whereas endothermic reactions transport from a hot
air, moisture, conventional polymer solvents, and heatirgpne to a cold zon&? To ensure that the precursor materials
Therefore, preparingkes for device fabrication and measuretransport across the temperature gradient, they must achieve a
ment requires careful encapsulation in an inert environmegiaseous state which is typically facilitated by a transport
To solve this problem, the dry-polymer-transfer techifigue  agent® To illustrate these points, halogen-assisted transport
used to completely encapsulagkes in hBN, which is usually required for the endothermic transport of elemental
simultaneously protects thake from degradation during precursors for transition metal chalcogenides and transition
fabrication’® and provides a high-quality dielectric sub-metal phophosudles/selenides (MnPSeCoPS, and
strate’’® This approach, combined with the ability to performNiPS),>** while additional transport agents are typically not
exfoliation and ake searching inside an inert environmentrequired for the growth of transition metal halides é8d
(such as a glovebaXy,allows for the preparation of a wide CrBr), as the halogen is already contained within the crystal
array of high-quality magnetic 2D materials with diversmatrix>*
properties for measurements. Similar to CVT, physical vapor transport (PVT) or direct
Crystal Growth and 2D Deposition. Currently, there are  sublimation of precursor compounds may also be used to
no scientic reports showing that monolayer or few-layer thickeliably produce bulk high-quality, single crystals of vdW
vdW magnetic crystals can be produced on large scales usiragnets>®*®’ It has been established that direct sublimation
commercially viable bottom-up synthesis techniques suchias low-cost and ective technique, where researchers do not
atomic layer deposition (ALD) or CVD. The lack of large-scaleeed advanced vacuum manifolds or complex multizone
production methods stems from the limited environmentdurnaces that are requirements for chemical vapor transport
stability of many vdW magnetic crystals and/or a lack akactions. However, vacuum sealing precursor compounds in
knowledge surrounding surface chemistry that would enalgjgartz ampules may also be used to synthesize high-quality
the layer-by-layer deposition of vdW magnets in lodayered crystai$® To synthesize transition metal halides such
dimensions, and for this reason, the sa@eodimmunity is  as CrCJ, commercially available polycrystalline powders are
reliant on crystals produced by well-established bulk cryspaisitioned inside of a cold, single-zone tube furnace in either
synthesis routes. Additionally, bulk crystals produced froam open-ended or vacuum-sealed quartz tube. The furnace is
chemical vapor transport (CVT), sublimation, andzone then heated to the desired temperature for sublimation, and
growth techniques are highly crystalline and can be synthesitieel desired material transports, nucleates, and crystallizes in
from precursors of the highest purity, rendering them free tifie cold zone of the furnace. Large, high-quality crystals grow
magnetic impurities like Co, Fe, and Cr. directly on the quartz walls, and can be obtained with in
To produce these crystals, manyerént crystal growth shorter times (2448 h) as compared to CVT.
techniques may be employed, but the most suitable techniqueFlux Zone Growth.Melt-phase synthesis routes are a
can often be determined by considering the elementabmmon technique for the synthesis of ternary tellurium based
precursors being used (chalcogen versus halogen) and 2iy magnets (GBeTe; and FgGeTe),>% %389 and unlike
having a comprehensive understanding of the binary or tern&y T, which can require a transport agent foreign to the crystal
phase diagrams of the desired crystals. A survey of recerdtrix, tellurium may be used as a solvent for the precursors,
literature on vdW magnetic materials shows that chemidabm which high-quality crystals will precipitate and grow out
vapor transport (CVT), sublimation, amct zone techniques of the melt as the solution cools. To achieve the highest quality
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crystals, stoichiometric quantities ak (solvent) and

precursors (solute) are loaded into an inert crucible and

vacuum sealed 10 ° Torr). Careful consideration when

choosing a suitable crucible must be made to avoid undesired

reactions between the crucible and. Much like CVT

reactions, rather than a compatible transport agent, a suitable

ux must be selected that is either part of the crystal matrix or ure 53. Scheme for the one-step synthesis and vapor transport
has complete immiscibity with the elementl precursors at (i3 6 = Br, 1) micro- and nanosheets diecty on vS%

Th led I taining the or rsorsuana substrates shown by the example of GrBerior to the CVT
€ sealed ampule containing the preécursorsuanare rocess for deposition of the respective nanolayers the

rst heated above their melting temperatures, and at this poﬁ?froduction of chromium powder and bromine (Bin small
the furnace temperature is held constant so the elementaled capillaries) lead to the formation of CyBsolid) (Cre +
precursors can completely mix into a homogeneous melt. Th& B,  CrBry) and gaseous CrR, (n = 2, 3, 4) atT,. By
ampule is then slow cooled over a period of several days, ap@lication of a temperature gradient,( T;) chemical vapor
during the cooling process the desired material precipitates dw@nsport is achieved for deposition of CgBmicro- and
of the melt, where spontaneous nucleation and crystallizatis@nosheets on YSZ substrates directly. The reaction course is
occurs. It must be mentioned that the above process is higigijpilar for the formation of Cg, while in contrast to this scheme
goverted by a material syisomspecive phase dagram, and (-, = (12%¢ 52 presmiiesies compeun, el s o
that.grOWth pf”wameters and Op.tlmlzatlon can be accelerated mission fro);n re600. Copyright 2019 Johﬁ Wilgy and Sons.
having an intimate understanding the desiret diogry or
ternary phase diagram. However, a material 'syptease
diagram is likely unknown; in which case these parameters

must be empirically determined. After the growth hasignijcantly accelerate their researdrts. They corrmed

completed, theux must be removed from the bulk crystals,that Crx (X = I, Br, Cl) was successfully synthesized onto
where the most common technique to removeukisviaa yttrium stabilized zirconia (YSZ) substratégufe 53 with
high temperature centrifugation protéss. only a small number of detectable impuritiescially

Large-Scale Layer-by-Layer DepositionWhile CVT,  incorporated into the crystal lattice (GrBor adsorbed
sublimation andux methods are invaluable tools to discoveionto the surface of the crystals {Gmd CrCj). While
and understand the novelties of champion material systergyonke et al showed that this technique may be applied to
these synthesis routes pose many challenges that make thesition metal halides, it may have greater implications for
unsuitable to be used in industrial manufacturing ofthén  other vdW magnetic crystals as researchers aim to better
The greatest challenge is that in order to isolate few-layer @fiderstand the surface/interface chemistry required to realize
monolayer thick sheets of vdW materials, they mstidie highly crystallineakes in the monolayer or few-layer limit.
exfoliated prior to being transferred onto a desired substrateThis method has also been expanded to dihalide systems,
The most widely used technique for the exfoliation of vdWyhere earlier this year, Eiual synthesized thirakes of Nil
crystals being scotch-tape technique introduced by Novosgr hBN and Si/SiQusing a conventional PVD, showing that a
lov>°?°* %3 and a more detailed review of this and othersimilar method used by @keet al can be used to synthesize
exfoliation techniques are covered (in the previous section).ttinsition metal halides on more conventional sub&tfates.
these materials are ever to be considered viable options foMolecular Beam Epitaxjthe rebirth of studying layered
future electronics applications, progress toward developing thv magnets has been sparked by the discovery of intrinsic
fundamentals of bottom-up synthesis techniques of vd¥¥rromagnetism in monolayers of vdW systems, such as
magnetic materials must be made. CrGeTq and chromium trihalides. Molecular beam epitaxy

Vapor DepositionBottom-up synthesis of vdW magnets is(MBE) is a very rened ultrahigh vacuum (UHV) bottom-up
still in its infancy, and researchers are just now beginning yacuum deposition technique enabling the layer-by-layer
unravel the fundamentals of how to synthesize the materialsdigposition of thinIms, and naturally, MBE lends itself to
their low-dimensional limits. It is no surprise that many ofhe synthesis of layered vdW materials in their low dimensional
synthesized vdW magnets are chalcogerbdéed’ as  limits?®°° Being a UHV deposition method, it has become a
many CVD and PVD techniques have already been establistigadamental tool for researchers and industry to control and
for these material systems. As researchers begin to expkttaly the impacts of precursor quality, interface and nucleation
other classes of magnetic materials such as transition melghamics, in addition to theegts of alloying and doping of
halides and ternary MPXaterials (MnRSNIiPS, FePSg 2D materials at nanometer thicknesses.
and MOHs (CrOCIl), more experimental challenges present While MBE has been heavily used for the synthesis of
themselves as the growth dynamics become more complicatesignetic transition metal chalcogenides, recent reports show
and as the precursors become more volatile and reactitteat transition metal halides may be synthesized at monolayer
Recently, Grikeet al produced thinakes of a wide variety of  scales using this metH6e* Weijong Cheret al successfully
vdW magnets using a madi CVT technique on dirent synthesized CrBat the monolayer limit by using compound
substratesFigure 5R°°° °°* To achieve this, Gnke et al source MBE, where CgBrowder was used as the source of
computationally modeled the vapor transport reactions ar@tomine. Growth dynamics for GrBms were determined
determined several experimental parameters, such as precusgdm siture ected high energy electronrdction (RHEED)
type, growth temperature, and transport rate of the desirdéigure 5pand STM. While this is an isolated study onsCrBr
materials. Furthermore, by predetermining the transport ratiéwill inevitably be a launchpad for future epitaxial growths of
they were able to understand how growth times impact thealide based vdW magnets at larger scales on more
thickness of the resultariins, which has enabled them to conventional substrates.

7022 https://doi.org/10.1021/acsnano.1c09150
ACS Nan®022, 16, 69607079



Figure 54. Crystal growth by vapor transports of Gr@ YSZ substrates. (a) Optical microscopy of Gr@icro- and nanocrystals at YSZ
substrate. (b) Optical microscope image of YSZ substrate surface with €r€dts with respective thicknesses in dotted boxes. (c)
Distribution of thicknesses of Crgétructures on a YSZ substrate after CVT (yellow), after one time of exfoliation (green) and after three
times of exfoliation (purple). (d) AFM measurement the height pemf a CrC} nanosheet. (e) Corresponding AFM image of measurement

of (d) the white arrow is indicating the measurement. (f) AFM measurement of the heighepoCrC} ultrathin sheet (red line) and
monolayer (purple line) after three repeats of exfoliation. (g) Corresponding AFM image of measurement of (f) the white line is indicating
the monolayer AFM measurement. All panels are reproduced with permission fré®0r&fopyright 2019 John Wiley and Sons.

Figure 55. (A, B) RHEED patterns with indicated diction orders of (A) the bare HOPG substrate and (B) the MBE-grown Crimn. (C,

D) STM images of (C) the CrBrmonolayer with (D) bilayer islands. The scan parameters were as follgwst.1 V,| = 100 pA,T =5 K

for (C) andV,=1.5V,l =100 pA,T =5 K for (D). (E) Atomically resolved image of a monolayer GrBith an overlaid atomic structure.

The scan parameters were as followjs= 1.5 V,I = 500 pA,T = 5 K. The lattice constants were determined to be 6.3 A for the primitive
vectors a and b, consistent with the bulk values. (F) lllustrations of the top and side views of the monolayatd@nBr structure. The Cr

atoms form a honeycomb lattice sandwiched by Br atoms. Within the Cr honeycomb lattice, the top and bottom surfaces of Br atoms form
single triangles but with opposite orientation, indicated by solid and dotted green lines, respectively. (G) AFM image of monolayer CrBr
with partial coverage. A line-cut prie across the monolayer and bare substrate is shown with a monolayer height of 6.5 A. All panels are
adapted with permission from r@D. Copyright 2019 AAAS.

Synthesis of CrSBrBeyond prototypical 2D magnets such CrSBr requires advanced processes, combining both solid state
as CyGeTe, FeGeTe, and CrX (X = halide); ternary and molecular chemistry. The primary reagent is disulfur
chromium sulde bromide (CrSBr) has emerged as an excitinglibromide (§Br,), a highly air sensitive liquid prepared by
2D material due to its magnetic structure in which each CrSBeating a mixture of solid sulfur and liquid molecular bromine
layer is ferromagnetically ordered in-plane and coupléd a sealed pressure vessel, followed by vacuum diStiflation.
antiferromagnetically to adjacent ldy@rshe synthesis of Beyond this, CrSBr synthesis follows the canon model of CVT
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Figure 56. (A, B) The structure and ground states of ironeaient Fg ,GeTe. (A) Side view of stoichiometric F8eTe. Fg (red) and Fq

(silver) are two inequivalent Fe sites with +3 and +2 formal charges, respectively. TiegHeteractions are mostly responsible for
interlayer AF ordering while &g, and Fg Fgq, couplings are FM. With Fe defects or doping, F&, and Fg Fg, become dominant

and push interlayer ordering into FM. (B) The calculated energerinces ( E) between interlayer AF and FM phases as a function of
hole concentration. For E> 0, FM is favored (between 0.2 and 0.6 holes per formula unit). Panels (A) and (B) are adapted with permission
from ref615 Copyright 2020 American Chemical Society. (C) The layered crystal structure of MBT. The red arrow indicates the Mn sites in
which antisites have been idergd. (D) STM of the surface of a cleaved MBT crystal; white spots show the presence of multiple antisite
point defects. Panels (C) and (D) are adapted with permission fron6té&f Copyright 2020 American Chemical Society. (E) Crystal
structure representation of the (MnBie,) (Bi,Tes), series, ranging from AF to FM with various compositions derived from codepositional
MBE. Here, we see that with the addition ofB; layers, the MnBile, layers cannot be coupled together and the material becomes less
AF. This is a prime example of an-stoichiometry defect. Panel (E) adapted with permission frond t&f Copyright 2020 AIP Publishing.

in a multizone furnace with a temperature gradient betwegrating' its large anomalous Hall curréfit,and its
1223 and 1153 #%°°with SBr, acting as both reagent and corresponding potential as a spintronic matertabwever,
CVT agent. Although not yet realized experimentally, otheéhe origins of its bulk magnetic ordering have come to light
members of the chromium chalcogenide halide (CrEX, E enly recently: Theory predicts an interlayer AF structure with
chalcogenide) family are predicted to have extremely hightralayer FM ordering, but all experimental probes show that

magnetic transition temperatures (e.g., CrSeBFwitl150 it has both interlayer and intralayer ferromagnetism. This
K), motivating the development of more controllablediscrepancy comes from defects in CVT-grow@efe.
synthese¥® % A mixed halide compound CrSBEl, (x Theory calculations show that Fe defects are highly favorable.

= 0.33) with the same structure as CrSBr was previoushhere are three incommensurate Fe diigsiré 58). The
reported, giving hope for the possibility of synthesizingne which dominates interlayer AF interactions Kggis
additional compositioR%’ greatly decreased by defects and doping, while the two
Defect Studies in vdW Magnets. While defects are an interactions (Re Fg and Fg Fgq,) that contribute to
inevitable part of synthesis, they can samily alter the interlayer FM ordering are increaseidure 5B).°*> Hence
properties of materials. Thiget is often magreéd at the 2D  experimentally observed phases, such #5d3es, are fully
limit2'° 52 Defects have been explored in traditional 2DFM while completely stoichiometrig&eTe is predicted to
materials but they remain largely unexplored in 2[be AF between adjacent she&efhis demonstrates a clear
magnet§$™? ®“ Two materials in which theests of defects  opportunity for tuning bulk magnetic properties by controlling
have been examined argded ¢ and MnBjTe,. FeGeTe is the number of Fe defects.
a 2D metal with a layered FM ordering and alqigii 220 K The relationship between defects and magnetic properties,
decreasing to 130 K at the monolaydt.has received much and how they relate to the emergence of exotic insulating
attention due to the tunability of & via electrostatic phenomena, has been thoroughly investigated in
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MnBj,Te, 515618 621 By examining native Mn and Bi point establish the fundamentals and push the capabilities of vdwW
defects figure 5B), Huanget al quantied how Mn and Bi  magnets from the lab and into cutting-edge quantum devices.
vacancies directly ext the local Fermi level by inducing Key to understanding the role of defects in 2D magnets is to
localized defect states in the band'gahis work has led to  identify and quantify them both in the bulk and 2D regime.
further changes in the synthesis of MeBio either decrease Methods of inspecting these features can be broadly divided by
defect concentration or control the electronic propertietheir spatial resolution and the directness by which they probe
MnBiL,Te, through defect engineering. Controlling this magnetic properties. The level of detail and resolution
systeris electronic states are critical for the observation afoncerning magnetic properties obtained from various
topological phenomena, such as the quantum anomalous Hetthniques is very often indirectly related to the feasibility of
e ect. In a dierent study, MBE was employed to produce o the experiment. On one hand, SQUID measurements give no
stoichiometry phases by incorporatingritig amounts of  microscopic details about spin gemation, but provide
Bi,Te; sub units (seBigure 5E); this o -stoichiometry leads information about macroscopic magnetic properties and are
to di erent stacking cogurations of magnetic layers, resultingwidely available. On the other hand, spin-polarized STM can
in modular magnetic orderftg®>? Simultaneously, MBE was be used to gain electronic and magnetic information on the
used to include point defects (Mn, Bi, Te vacancies)atomic scale but is prohibitively costly and time-constming.
e ectively chemically doping the system, to alter the Ferriechniques such as Lorentz TEMand magnetic force
levef'® By engineering stoichiometry and defect concenmicroscopy’” can characterize magnetic domains between 2
tration through synthetic control, the electronic and magnetend 20 nmZ° accessing the mesoscale, but also require
state can be directly manipul&téd. expensive instrumentation and a high degree of training. To
Challenges and Perspectives.While well-established truly understand the magneticeeis of defects within a
bulk crystal synthesis technigques outlined above are critical $ystem, surveys utilizing a wide array of measurements are
researchers to identify champion material systems and pratgeessary. Crucial to improving our understanding of defects is
their fundamental material properties, very little is currentijpaking these myriad techniques widely available, or cultivating
understood about how drent bulk synthesis techniques emerging atomic-level probes of magnetic defects such as
impact the magnetic properties of vdW magnets. This raisegnopatterned SQUIB! scanning SQUID, or NV-center
many questions about how thermal processing, precursvagnetometﬁ%
materials, ux and transport agents impact the magnetic
character of these materials. Adding to the complexity of theECHANICAL PROPERTIES AND STRAIN
current state of vdW magnets, even less is known about h&MWGINEERING
defect density, magnetic impurities, and overall crystallinityechanical properties play an important role in the
impact the performance of these material systems, especiallygplications of 2D magnets, such as strain engineering and
their 2D limits where these factors will have even a greatesxible electronic devices. The thickness reduction of vdW
impact on their quantum magnetic phenomegaskymionic  materials to the atomic scale normally leads to mechanical
e ects). Commonly used chemical vapor transport samples @i¢hancements. For example, graphene has an intrins& Young
known to contain sigmiant number of point defects and modulus of 1 TPa and fracture strength df20 GP&*®
learning from our mistakes in diluted magnetic semiconductabout 1 2 orders larger than those measured from bulk
will be essential to reaching reliable conclusions in thegeaphité29°*° The same phenomena have also been observed
emerging elds. Initial reports in vdW materials show tivat  from many other 2D materials. Atomically thin hBN, an
growth is most suited to reduce these point defects but thasulating 2D material, has a Y&mgpdulusi(e, 865 GPa)
question still remains if it can reach 6N or even higher puritiegnd fracture strengthg, 70 GPa) comparable to those of
The purity is going to be a major challenge to overcome igraphené&®' Although TMDs have relatively weaker inter-
order to reach quantum coherence in quantum devicegtion between metal and chalcogen atoms, the’syoung
involving 2D vdW magnets. moduli and strengths of 1L Mo$§ 270 and 23 GPa,
Another natural concern is around their material stability irespectively)?* 1L WS (302 and 47 GPa, respectivéfy),
air or ambient conditions. While it is true that some of theand 1L WSg(258 and 38 GPa, respectivVEfyare much
high-performance devices can operate under vacuum, it diigher than those of their bulk counterparts as well as most
raises questions about the photo degradatetseas well as conventional materials. Two main reasons can be ascribed to
long-term material stability. More studies are needed to clarifyis: a smaller probability of defects due to the dramatically
how one can improve the material stability through surfackecreased volume and less softening from the weak interlayer
functionalization, encapsulation, or even curing chemicallytteractions at the atomic thicknesses.
active defect sites without saing the material properties. Nevertheless, the mechanical properties of few-layer 2D
Beyond the fundamental studies of these materials, theaterials are also subject to interlayer sliding. For example,
overarching aim is to bridge the gap between laboratory studathough the in-plane covalent bonds in graphene are stronger
and the eventual development of next-generation technologigmn those in BN, the fracture strengths 6f.&raphene and
To accomplish this, much work needs to be done to advan&N are close due to their dient sliding tendencies under
the large area (inch scale) synthesis and deposition of 2D vdiivain and compressioe, few-layer graphene spontaneously
magnets, and researchers pushing the boundaries of layerstiges between layers under an in-plane strain and large
layer growths of these materials will need to overcome simitawvmpression, while few-layer BN has large positive sliding
challenges that were paramount to producing large area TMiDergies under the same conditions to prevent it from
systems with high crystallinity and low defect densities. Thatiding?>* Similar interlayer sliding phenomena have also
gives a brief insight into the current state of vdW magndteen found in few-layer Wand WSg°*® The Younip
synthesis and presents many exciting challenges amddulus and strength of 2D materials are mostly measured by
opportunities for scientists and engineers to solve which wilhnoindentation metho®§®3* °3*along with bulge method
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Figure 57. Common experimental techniques for measuring the Yoomoglulus and strength of 2D materials. (a) Nanoindentation based

on AFM®** Adapted with permission under a Creative Commons CC BY license froé84e€opyright 2019 John Wiley and sons. (b)

Bulge test involving interferometry and Raman spectros€opidapted with permission from réf35 Copyright 2017 American Physical
Society. (c) Tensile testing push-to-pull micromechanical device controlled by an external pico-indenter in SEM, and the yellow arrow shows
the loading direction. (d) Diagram showing the enlarged pink rectangle area in (c) with a suspended graphene sample after cutting by
focused ion bearf%¢2” Copyright 2009 Royal Society of Chemistry, copyright 2019 American Physical Society, copyright 2019 John Wiley
and Sons, copyright 2017 American Physical Society, copyright 2020 Springer Nature, copyright 2014 Springer Nature. Panels (c) and (d)
are adapted with permission under a Creative Commons CC BY 4.0 license fr686.r€opyright 2020 Springer Nature.

(Youngs modulus onl§§°°*® and microtensile te$t8*3’ of TMDs; strain can also induce pseudomagnetism in

(Figure 5Y. graphen@3°>®

AFMs are usually used for the indentation measurements. InThere have been few experimental studies of the mechanical
particular, a sharp tip at the end of a cantilever indents at tioperties of 2D magnets. Very recently, the intrinsic elasticity
center of suspended 2D materials, and the nonlinear elagtied strength of atomically thin chromium trihalige&rx
properties and strength can be derived from the forcdX = Cl, I) mechanically exfoliated from their single crystals
displacement relatiorFigure 5)528631 634 For accuracy, Were measured by AG@/I—based nanoindentation at room
the 2D material should not slide on a substrate durin§gmperature Higure 58" The 2L Crk and CrC{ had
indentation, and the tip should have a largeess than the oungs moduli of 62.1 4.8 GPa and 434 4.4 GPa,
2D nanosheet(g. diamond tip for graphene and BN). As r.espectlvel ,_consistent with the theoretical predic-

- : : - i tiONSZ34237651858 Their fracture strengths were measured to

atomically thin Ims, 2D materials are suitable for blister .
(bulge) tests, in which they are clamped over microholes afi§ 3:6+ 0.4 GPa and 2.2 0.5 GPa, respectively; the
the sti ness can be calculated based on gas pressure-driveﬁng?(

imum strains were in the range 6f0 6.5%. The
electrostatically driven geometry changeisufe elasticity and strength of both materials decreased with
57b).533938 64210 mjcrotensile tests, suspended 2D materials

increased layer thickness due to the high tendency of interlayer
of relatively large sizes are under uniform tensile stret

liding, though this phenomenon was more prominent in
) o . . . .CICL. The DFT calculations showed that ¢a@d Cr had

induced by special mdentatlon.-spr.lng Setups in scanniidg,q) sliding energy barriers in the equilibrium state and under
electron microscope (SEM), which is best at revealing thﬂ-plane straif§? The interlayer sliding led to stress
nonlocalized fracture strength and stfagute 5¢).°°*"In o1 cantrations on the bottom layers during indentation,
addition to large Yousgmodulus and strgngth, 2D materials \yeakening the few-layer systems. This study indicates that
also have extremely |ng bending mBifi;'strong %gehesmn atomically thin CrGland Cr} have one of the lowest elasticity

to arbitrary surfacB$** low fracture toughnés§>“®and  ang strength values among all 2D materials explored so far.
increased friction Coeient.647 It should be emphaSized that The soft mechanical response and |arger C|eavage energy than
2D materials are able to undertake large strains withoghear (sliding) energy in the two materials give rise to the
failure}?#°2***® providing more opportunities for strain possibility of the superplastic phenomenon in their bulk
engineering. According to recent theoretical and experimengaystals Kigure 5)

works, in-plane strain engineering can change the structuralfhe number of theoretical investigations on the mechanical
phasé&9°> electronic structufé*®>? and polarizatidi>* properties of 2D magnets is growing fast. The theoretical

7026 https://doi.org/10.1021/acsnano.1c09150
ACS Nan®022, 16, 69607079



Figure 58. Mechanical properties of Cs@hd Crk. (a) Optical microscopy images of 2L and few layers Ca@l Crk suspended over
microwells (600 nm in diameter) on a SiSi substrate. (b) Loaddisplacement curves and the correspondittings of 2L and 7L CrGl

and Crk. (c) Volumetric Younts modulus and breaking strength of ®OL CrCk and Crk, along with dashed lines that show the linets.

(d) Demonstration of the good plasticity of bulk CeCGind Crk crystalsvia folding them into rings. (e) Deformability factarersu¥ oung

modulus, where |, 1l, and Il correspond to plastiexible, potentially deformable and brittle-rigid regions, respectively. The experiential
results of CrCJ and Crk are shown as redied circles, and the other layered vdW materials are shown as gheencircles. (f)
Deformability factor versus bandgap for the same materials as in (e), and the materials that may show exceptional plastic behavior are shown
in the dashed line encircled green afé3All panels are adapted with permission from&8€. Copyright 2021 American Chemical Society.

Youn¢g modulus (both 2D and 3D), fracture strength,conducted at higher strains and may lead to intriguing
Poissots ratio, and cleavage energy of monolayer magngieenomena. Tensile strain can change the coupling between
predicted so far are summarizedable 8 Note that the local spins, Curie temperature, and transitions between FM
fracture strength and strain of most 2D magnets have not beend AF phases of 2D magRets dc°eeac67677678 Foy
theoretically studied, except 2L @31 ,°°?and 1T VSand example, the strength of the exchange coupling and spin
VSe along the zigzag directfSA. polarization of VZ(Z = S, Se, Te) monolayers are able to be
Although 2D magnets have smaller Yeumgduli and  alteredviastrain modulation (5% to 5%) due to the ect on
strengths than most other 2D materials, they are stronger thée ionic covalent interactions between V and Z atomic pairs,
their bulk counterparts and traditional magnetic this where the increased unpaired electrons in the interacting
(Figure 59 For example, 1L FeSe has a theoretical ¥oungatoms change the magnetic monféhSimilar phenomena
modulus of 66.2119.8 N/m (.e, 124.7 213.5 are observed in semiconducting or insulating 2D transition-
GPa)®°%6859n comparison, that of FeSe thims is only ~ metal trichalcogenides (MyXand the strain required for
41 GPa determined by acoustical measurétifeAts. m- magnetic phase change is chemical composition-dependent.
thick SmCegdeposited by RF magnetron sputtering on Si 100For FeP§ FePSg and VPTgmonolayers, just 1% of tensile
substrate has a reduced modulus of 48.0B60 GPa  strain is adequate to trigger phase transition according to
measured by indentati$t,smaller than that of most of the theoretical studiesigure 68)°%*In the case of CrRand
2D magnets listed irable 8 Magnetic thinlms comprised of NiPS, the FM AF magnetic phase transition happens at
magnetic particles in polymer matrix normally have evestrains greater than 4%; while larger strai®%fis needed to
smaller modulus values. Strontium ferrite particleg{8gFe  observe such transition in VP&ed MnP§°®* Another FM
suspended in a benzophenone tetracarboxylic dianhydrides&miconductor, chromium telluride compounds with metal-
ydianiline/metaphg/lene diamine polyimide matrix had loids as the middle elemerg,CrYTe (Y = Si, Sn, Ge) show
biaxial modulus values in the range of 6 to 17.8 GPa, measuesthanced ferromagnetism and signi changes in their
by a modiedin situload/de ection techniqu&”We can also  Curie temperature under moderate tensile straing of
compare the strength values of 2L Q806+ 0.4 GPa) and  5%°°4%92 594 2D Crx (X = CI, Br, I) also shows great
2L Crl; (2.2+ 0.5 GPa) with théso-calletultrahigh strength  potential in strain modulation under large stfathpugh it is
value of 40400 m-thick Fe Co Ni-based maraging steel not e ective to modify their Curie temperatiréss shown
and 316L austenite stainless steel magnetic sh&d% ( by recent experiments, high-quality 2D; €aX sustain up to
GPa)°®? 6.0 6.5% strain without failli¥. Another experimentally
Although traditional magnetic thidms show good strain-engineered 2D magnet is 1L FeSe, which could be
susceptibility to external stPaifi®’ for sensing applica- stretched up to 55%°°%°°”With their relatively low elasticity,

tions®®® %% strain engineering of 2D magnets could be2D magnets should be highly sensitive to small stress
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Table 8. DFT studies of the mechanical properties of 2D magnets

monolayer 2D Young modulus theoretical Youngs modulus  fracture strength cleavage energy
magnets (N/m) thickness (A) (GPa) (N/m) Poissors ratio (I/m?) ref
FeP$ 65.98 119.7 6.42 102.886.4 0.304 0.265 1, 661 662
FePSg 67.9 90.2 6.61 102.7136.5 0.312 0.37 1, 661, 662
MnPS 55.1 107.7 6.49 84.965.9 0.327 0.26 1, 661 662
MnPSg 36 60.8 6.67 54.01.2 0.35 0.23.24 1, 661 663
NiPS 80.9 106.8 6.34 127.468.5 0.265 0.21 1, 661, 662
NiPSe 78.8 6.52 120.9 0.275 661
CrSnTg 64.8 0.283 664
CrSiTe 40.8 6.86 59.5 0.35 663
CrGeTg 38.3 6.9 55.5 0.38 663
K2CuR 44.8 0.78 665
CrOClI 38.3946.83 0.208 666 667
Crls 22 28 6.62 33.242.3 2.33.6 (2L) 0.253 0.159.28 234 237,
657 659

CrBr 28 29.3 6.11 45.818.0 0.278 0.19.295 234 658
CrCh 31 34 5.806.10 53.455.7 3.94.9 (2L) 0.297 0.130.3 234 658 659
FeSe 66.2119.8 5.315.61 124.7213.5 0.1790.196 657 668 669
FeGeTe 134 (C11) 0.01 330

VS 85 571 148.9 12 (z2) 0.16 660

VSe 53871 6.17.0 88.2101.4 9.8(z2) 0.18.2295 66Q 670
CrTe 48 52 6.94 69.299.7 0.5 671,672
Mn;Sq 18.76 25.97 0.371 0.58 673
Mn;Te, 22.6 29.42 0.293 0.53 673

FeSi 71 5.7 124.65 674
CoAsS 75.51 0.076 675

Nil, 45 6.54 68.8 0.26 676

NiBr, 50 6.09 82.1 0.242 676

NiCl, 54 5.8 93.1 0.223 676
CrPbTe 46.9 0.318 677

CrPS 36.8 56.4 6.2 59.401.0 0.280.44 678 679

ultrasonic vibration or waves. In addition to in-plane strain, it
has also been demonstrated that the magnetic ground state and
interlayer magnetic coupling of atomically thig can be
altered by out-of-plane hydrostatic pre$stir€he transition

of magnetic phase under hydrostatic pressure relates to the
varied stacking order in {rnd the same ect may exist in

other 2D magnets.

Challenges. There are still many research gaps and
opportunities in the mechanical properties of 2D magnets,
such as (1) The intrinsic mechanical properties of most 2D
magnets are still waiting for experimental investigations despite
of the theoretical predictions. With the well-established
experimental techniques for measuring the mechanical proper-
ties of other 2D materials, the dilty mainly lies on the
fabrication €.g.by mechanical exfoliation) of suspended high-
quality 2D magnets suitable for these tests. There could be
fracture strength of 2D magnets are compared with those of additional technical challenges for dealing with 2D magnets

conventional bulk materials and other 2D materials. Adapted with that are not stable in air. (2) The large-scale synthesis of 2D

permission from ref659 Copyright 2021 American Chemical Magnets, such as by CVD and MBE are tiahé¢o their
Society. practical applications. However, based on the experience from

other 2D materials, these 2D magnets could have lower than
variations. This great sensitivity to lattice deformation allows #atrinsic mechanical strength and fracture strain due to the
experimentally detect one-step magnetization reversal, whixksence of large numbers of defects and grain boundaries,
has not been achieved in conventional magnetic matérialsespecially that the detrimentab@ of vacancies on the

2D magnets also provide good platforms to study magnetsirength of 2D materials is much more dramatic than that of
striction at the atomic thickness. Mechanical resonators basedk materials. Hence it is essential to study the mechanical
on few-layer Cylshowed changed resonant frequency undeproperties of imperfect 2D magnets, which has not been
external magnetield due to competition between minimizing theoretically and experimentally studied yet. (3) There are
the elastic energy and internal magnetic interadtionse(  many exciting opportunities in the magneto-mechanical
60b).°%°> Magnetostriction is useful in sensing and producingroperties of 2D magnets. The aforementioned magneto-

Figure 59. Modulus-strength graph. The Yosngodulus and
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Figure 60. Mechanical properties of ternary compounds. (a) Changes in the magnetiomations of various MPXM = Mn, Fe, Ni; X =

S, Se) compounds at zero carrier density under in-plane biaxial compressive and expansive strains. Adapted with permiss&s¥from ref
Copyright 2016 American Physical Society. (b) Magnetostriction in 2k &rdl (c) 6L Crk resonators under an out-of-plane magneégitd

( oH ) and in (d) 6L Crl; resonator under an in-plane magnetield ( (H ). The resonance frequency (d) and MCD (b, c) of the
membranes as a function of the magnetid, where the red (blue) lines correspond to the measurement for the positive (negative)
sweeping direction of theeld. Panels (bd) are adapted with permission from ré85 Copyright 2020 Springer Nature.

striction eect is one of them. Although the magnetostrictionmagnetic ions on a substrate, monolayer organic molecules

of Crly has been demonstrated, the magnetostrictiveiene containing magnetic atoms deposited on a subgisate

has not been quargid. Moreover, many applications of the Langmuir Blodgett technique, and 2D electron gases, one of

magneto-mechanical coupling in 2D materials could b#e advantages of 2D vdW magnetic materials is that they can

explored. The magneto-mechanical coupling in doping-enabjsstentially be mechanically cleaved into a monolayer and

magnetism in intrinsically nonmagnetic 2D materials could hgerefore provide a platform to study fundamental physics

an interesting direction to explore as“efl” (4) Although ~  without the inuence of a substr&té*’®° Technologically,

the inuence of strain on magnetic behaviors and othegne can also develop spintronic devices with insulating thin 2D

physical properties of 2D magnets has been extensively stugifgynetic materials to avoid Ohmic he&tifige eld of 2D

theoretically, there are just a few experimental studies so fax,diy/ magnetic materials took @ few years ago with the

is of particular interest to experimentally demonstrate one-stgperimental demonstration of magnetic order in single atomic

magnetization reversal in 2D magnets, as thesis are  |ayer of several vdW 2D magnetic materials including

di c'ult to b_e a_lchleved in convgntlonal magnets b_ecause h|ggp§32701 Crly° Cr,.GeTe,° VSe,® and MnSg'” While

tensile strain is normally required. The high strain suscepfjese developments are very exciting, they also call for a more

bility of the magnetic properties of 2D magnesssogreat  jatailed examination of the magnetic properties of these vdw

potential for various applications, such as in spintronics. iy aerials, both in bulk form as well as with decreasing layer

thickness.

SPIN EXCITATIONS AND TOPOLOGICAL PROPERTIESEq, spin rotational invariant systems with short-range
Introduction. 2D vdW magnetic materials have a long andnagnetic interactions describable by a Heisenberg Hamil-

distinct histor§)” Compared with other 2D magnetic systems,tonian, it has been shown rigorously by Mermin and Wagner

including quasi-2D metallic magnetic materials, monolayer thiat there cannot be long-range FM or AF ordemige
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Figure 61. Magnetic order and spin excitations in vdW magnetic materials with tunable fundamental spin Hamiléowmisstructural
parameters probed by neutron scattering methods. Adapted with permission fr@ah @bdpyright 2018 Springer Nature.

temperature in the 2D (monolayer) liffiithis is because the doping was shown to switch net magnetization in bilayer
continuous symmetry of the isotropic Heisenberg Hamiltonia@rl;.>** Moire engineering, the formation of tunable super-
leads to gapless long-wavelength@ospin waves that can lattices by two misaligned vdW monolayers, has led to strongly
be excited at anyite temperature, with detrimentaas on correlated electronic and superconducting phases that are
long-range magnetic order in low dimensions. However, whgnimately related to magnetist->4’1°

spin rotational invariance of the system is broken, say byCompared with 3D magnetic materials, 2D magnetic
anisotropic magnetic interactions in a 2D Ising model, longnteractions and frustrations play an important role in exotic
range magnetic order can occur below a transition temperatyigenomena like QSE: "** and high-temperature super-
when anisotropic interactions open a gap in the sgin-wa\g@nductivity_lmlﬁ The key to observable 2D long-range
spectrum and suppress thece of thermal uctuations™>* magnetic order is the presence of the anisotropic spin-
Finally, for the 2D XY modef, there is no transition to a exchange interaction, as it opens a gap for the low-energy spin
long-range magnetic order belownige temperature where eycitations that allow the development of long-range magnetic
the magnetic susceptibility diverges. Instead, the divergiggher at nite temperature. In vdW magnetic materials with
susceptibility is associated with the onset temperature Rfneycomb, triangular, square, and kagome lattice structures,
topological order, called Kosterlithouless temperatufe; all four fundamental spin Hamiltonians (the lIsing, XY,
below which spin correlations are characterized by an algebﬁq@senberg, and Kitaev) can be redliZetf®372%718 The

decay and the bound pairs of vortex and antivorteXdpins. ground state of the system is sensitive to superexchange
addition to tL‘;‘ 1D Ising;** 2D XY7°*and 3D Heisenberg iyioraction and interlayer coupfifigln many materials, the
Ha}mlltomar?, 2D honeyqomb Iatt|ce.magnet|c matgrlals W!th round state may switch depending on lattice parafhieters.
spinS= 1/2 can be described by a Kitaev Hamiltonian, whic refore, for both fundamental understanding and practical

; . h
is an exactly solvable model that can realize many emerggﬂglications of 2D magneti§°it is critical to study and
phenomena such asgauge eld, quantum spin liquid (QSL) control the spin Hamiltonian in these materials. In many cases,

states, and topological ortfér. the spin anisotropy that controls the magnetic order of the

2D vdW magnetic materials provide a broaderexilole : !
approach for studying 2D magnetism, particularly in our abili stem Is determined b_y cryseid and/or_ SOC'. BY carefully :
easuring the magnetic order and spin excitations spectra in

to test di erent forms of spin Hamiltonmdescribed aboVe. Ik and atomically thi tal del i

In bulk crystal form, they exhibit highly anisotropic, quasi-2 u _Ian. a OT'%a y thin crystals, oné can model spin

electronic properties that are often qualitativedyedit from amiltonians of the system. .
Neutrons with their wavelengths comparable to atomic

common 3D materidl$: To understand 2D magnetisone _ q e o h ¢ spi o .
must rst determine the magnetic exchange couplings of theS82¢IiNg and energies close to those of spin excitations in

materials. In their bulk form, this can be achieved by neutrgip!ids have played a role in determining the lattice and
scattering, while Raman and tunneling spectroscopy can 'B@gnetic properties of bulk vdW magnetic materials. Some of
used to understand the magnetic properties of s, the reasons for this role_are as follc_)ws: (D) _A neutron carries a
Within the past two decades, the possibility of isolating a singl&gnetic moment that interacts with localized magnetic ions
molecular layer from cleavage has further led to numero@8d unpaired itinerant electrons in solids. (2) A neutron is a
discoveries of unexpected 2D physics, such as Dirac Fermi¥@gik interacting probe. A neutron scattering cross section is
in graphen&%%” Recently, the discovery of FM order in determined by the static and dynamic correlation functions of
ultrathin vdwW Ims attracted considerable attention, as thehe system, without the need for correcting themte of the
interlayer coupling is eliminated in these clean 2D systeni¥obe. (3) Neutrons are a highly penetrating bulk probe and
These vdW magnetic materials not only allow experimentélerefore insensitive to surface imperfections, and therefore an
tests of magnetic theories, but also enable nanoscale spintrd#@gal probe to study bulk magnetic properties of 2D vdW
devices more eient than current transistor-based elec-magnetic materials. (4) Neutron polarization analysis can
tronics>*® An advantage of 2D vdWms for fundamental determine magnetic anisotropy of the system, and therefore
research is their large and clean surface, which allows tltevide a way to directly probe the SOC-induced magnetic
manipulation of electronic states by gating and by thenisotropy of spin excitations and magnetic ordered moment
formation of heterostructur@8’° For example, electrostatic direction.
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Figure 62. Magnetic structures of (a) FeP$' Adapted with permission from réf24 Copyright 2016 American Physical Society. (b)
MnPS.3'®adapted with permission from réf.8 Copyright 2006 American Physical Society. (c) NiPSadapted with permission from ref
317. Copyright 2015 American Physical Society. (d) CpP%adapted with permission from ré29. Copyright 2017 IOP Publishing. All of
these materials have honeycomb lattice structure and are antiferromagnetically ordered.

Despite its advantages, neutron scattering is limited to budkperiments and modekldd a Heisenberg Hamiltonian with
samples. In few-layer 28kes with lateral dimensions on the single ion anisotropy and biquadratic exchange intefaction.
micron scale, or in systems where the surface exhdséatdi  In most local moment systems, a Heisenberg Hamiltonian with
behavior than the bulk, it is necessary to utilize alternatiwgingle ion anisotropy should be able to describe spin waves.
probes. The purpose of this section of the review istto The biquadratic exchange interaction, originally proposed to
discuss recent progress on understanding bulk magnetism amglain spin waves in AF ordered parent compound of iron-
spin dynamics in vdW magnetic materials obtained by neutrtased superconduct6t$>! is needed to understand spin
scattering and muon spin relaxatiégure 6). We shall then  wave deviations from Heisenberg Hamiltonian near the zone
describe how inelastic tunneling spectroscopy (IETS) arlsbundary®® For AF MnP§’?! neutron scattering experi-
Raman spectroscopy can be used to probe for magnetients have studies magnetic order and spin waves of the
excitations down to the 2D limit as well as on the surface sf/stem. Spin wave dispersions of Medttbe welltted by a
bulk crystals. Finally, we will also discuss possible futurzisenberg Hamiltonian withst-, second-, and third-nearest
directions in these areas. in-plane neighbors magnetic exchange coupfifgam

Neutron Scattering in Bulk vdW Magnets.We begin by  neutron diraction experiments, it was argued that the critical
discussing layer transition metal (TM) thio(seleno) phosphateehavior of the material over most of the temperature range is
materials TMPS(Sgyvhere TM =V, Cr, Mn, Fe, Co, Ni, Cu, more representative of an XY-like system instead of a classical
Zn, Pd, Ag, and Cd! "**For a subset of these materials with Heisenberg systéfi.For XY antiferromagnet Ni?S and
magnetic transition metal ions, magnetism can be described®yPS,’° their magnetic structures are rather similar except
2D Ising (FeP$,**"%472°> 2D Heisenberg (or possibly XY) for the moment directionFigure 69 Inelastic neutron
(MnPS), 28726727 and 2D XY (NiP§ CoPg)>'+28729 scattering experiments were carried out on powder samples of
Hamiltoniars. While crystal structures of these materials ardiPS and CoP$determined approximate magnetic exchange
somewhat derent, the transition metal magnetic ions all haveoupling$?®’*? When NiP$was cleaved to monolayer, the
a honeycomb lattice structufgure 62 d shows magnetic AF order in bulk disappears consistent with the expectation of
structures of FeRS* MnPS3'® NiPS*'" CoPS,'*° the XY magnetism in the atomically thin fiit.
respectively. In all cases, the systems order antiferromagnetNext we discuss magnetic order and spin excitations in
cally with dierent magnetic structurdsigure 6a d). We honeycomb lattice vdW magnetic materials, including semi-

rst discuss FepSvhere the magnetic structure is collinearconducting CrGeTg*® metallic FgGeTeg,***3373* and
AF with moment perpendicular to the honeycomb lattice alongemiconducting chromium trihalides ;GvKere X = ClI, Br,
the c-axis as shown Figure 6a.%* There are three twinned 1.”>In the monolayer limit, long-range FM order persists in
domains rotated 12@esulting in overlapping spin waves fromsome of these materials. There has been a huge amount of
di erent domains at the same reciprocal space“p@pin recent work on monolayer or few layers of these matéffals.
waves of FeR®/ere measured by inelastic neutron scatterinffor semiconducting FM CrGeTwith ordered moment
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Figure 63. (a) A spin gap at Dirac point in Grduggests that spin excitations in this system can have chiral and topological edge mode.
Adapted with permission under a Creative Commons CC BY 4.0 license fradeTopyright 2018 American Physical Society. (b) The

FM phase transition in Cglis weakly rst-order and controlled by spin gap. Adapted with permission fromv4éf Copyright 2020
American Physical Society.

direction along theaxis below the Curie temperafligg>> In the case of Gglwhich has larger SOC compared with
critical scattering measurements indicate that FM pha&aBr, neutron time-ofight measurements of the magnon
transition is second order in naftifeUnfortunately, there  bands indeed reveal a spin gap at the Dirac points as shown in
are no inelastic neutron scattering experiments to determifggure 63** Although these results are interesting, the next-
spin waves and magnetic exchange couplings. For metallic F&arest neighbor DMI induced gap may not be the only
FeGeTe, it was found that Curie temperature of the systeninterpretation of the data as Heisenbigitgev Hamiltonian
depends sensitively on the stoichiometry of the iron witinay also account for the observed spin gap near the Dirac
reduced TC for iron deient samplé&® Inelastic neutron  points’*%"*"In addition, the FM phase transition in;@ras
scattering measurements oy, 8eTe synthesized fronux found to be a weaklyst order instead of second .order in
method mapped out the spin excitations spectrum and found'gture, and controlled by SOC instead of magnetic exchange
spin gap of 3.7 meV at thepoint, providing information of couplings as in a conventional Heisenberg ferrorffdgnet.
the magnetic exchange interactions and anis6ifopy. Inelastic neutron scattering on edent families of FM
However, because of the Fecitency and the corresponding honeycomb lattice vdW materials should be able to test
disorder, the excitationsearather broad and damped, whether the microscopic origin of the observed 2D FM order
precluding a detailed modeling of its spin Hamiltonian. IS due to SOC-induced magnetic anisofrdpy; and

In the case of FM chromium trihalides with honeycombdeterm'ne if Heisenbergitaev Hamiltonian is an appropriate

lattice structur&°while the role of the underlying structure in d€scription of the spin dynamical behavior in honeycomb

stabilizing the 2D ferromagnetism is under intense inve ittice ferromagnets. By systematically tuning the strength of

; ; Al 749 ;
tigation1,20235 the honeycomb structure provides another OC in chromium trihalid&$’“°one can test if the observed

. . : . . . Spin-gap arises from SOC-induced DMcte or Kitaev
Interesting physics of massless magnetic Dirac partltlﬁn eractior*4"*" Indeed, recently neutron scattering measure-

analogous to the massless electrons near Dirac points | hat the ob d spin Di ,
raphené&’’ "3 In this picture, magnons become massless a{ﬁents suggest that the observed spin_DIrac gapsirs crl
g ' ’ induced by the next nearest neighbor DS’

the Dirac K/K points with linear dispersions due to the In addition to AF and FM order, geometric magnetic

Fistration in 2D materials can host a QSL phase, in which the

comb lattice. The presence of these Dirac points are robusfing o ynpaired electrons in a solid are quantum entangled

against nite next-nearest-neighbor exchanges, which will o t do not show magnetic order in the zero-temperature
shift positions of the Dirac points. The linear spin wave bangis.i; 712 714 gacause such a state may be important to the

across the Dirac points have been experimentally Observe‘Hﬂ:roscopic origin of high-superconductivity® and useful

2D ferromagnets Crt* and CShTe;"™” Similar magnon  for quantum computatiéfi:’> experimental realization of
band crossings havemglfzo been observed in the 38| is a long-sought goal in modern condensed matter
antiferromagnet GTeQ;. If the SOC induced anti- physics. Models supporting the existence of QSLs in 2D spin-
symmetric DMI exists between the next-nearest neighborsjyp kagome, triangular, honeycomb, and 3D pyrochlore lattice
honeycomb lattice, a gap will appear in the spin wave spectragétems indicate that all QSLs share deednspinons,

the system at the Dirac K/Koints, causing the magnon elementary excitations from the entangled ground state which
bands to become topologi¢dlFor CrBs, inelastic neutron  carry spirS = 1/2 and thus are fractionalized quasiparticles,
scattering experiments found no evidence of a gap at the Difa@damentally derent from theS = 1 spin waves in
point;**although these measurements were taken in 1971 asdnventional 3D ordered magrétsin particular, honey-
additional neutron time-oght measurements using spalla- comb lattice magnetic materials are of interest because a QSL
tion neutron source would be desirable. These results, dén arise from the exactly solvable Kitaev modé& witi

con rmed, would suggest that the SOC-induced DMI i CrBrlising spins on a honeycomb lattiéever the past several

is insu cient to induce topological spin excitations. years, honeycomb lattice magnetic materials sybi©agAd
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Figure 64. (a) The phase diagram ofRuCl adapted with permission from r&b62 Copyright 2018 Springer Nature. At zereld, the

system forms a zigzag magnetic structure as shown in the left inset. For in-plane magddtatween 7 and 9 T, the system is believed to

be in Kitaev QSL state. Forlds above 9 T, the system becomes non topological from thermal transport measurements. (b) Wave vector/
energy dependence of spin excitation éRuCk at 4 and 8 T, adapted with permission under a Creative Commons CC BY 4.0 fr@agref
Copyright 2018 Springer Nature. One can clearly see spin waves stemming from zigzag ordered wave vector (0.5, 0, 0) at 4 T. The scattering
centered around points is believed to arise from fractionalized excitations of a Kitaev QSL, which is enhanced upon suppression of spin
waves with a 8 T in-plane magnetield.

= Cu, Li, or NaJ>® "*®and -RuC}’*87>37°97%0 have made
considerable impact on the community and provided
constraints on testing the KitagSL Hamiltonian. However,
all honeycomb lattice materials investigated so far have
symmetric o-diagonal exchange interactions beyond 'Kitaev
Hamiltonian (referred as theerm),**’5* "**and therefore
induce long-range magnetic order. In the casRwoC}, Ru
spins order in zigzag AF structure with moment in the plane
(see inset oFigure 64).”°° Upon application of an in-plane
magnetic eld above 7 T, the long-range magnetic order is
suppressed and the system is believed to regldhirduced
Kitaev QSL state with half-integer thermal hall conductance
platead>? Inelastic neutron scattering experiments reveal spin
waves from the zigzag order coexisting a continuum of
magnetic scattering center around thp®int (Figure 68).
When an in-plane magnetéd of 8 T is applied, spin waves
from the zigzag order are suppressed and the continuum of
magnetic scattering, possibly arising from fractionalized
quasigarticles of a Kitaev QSL, is still preseiguré
64c).”>* In addition to neutron scattering experiments, recent
resonant elastic X-ray scattering experiments on a single crystal
-RuC} using the Ru Jdand l; edges (2838 and 2967 eV)
established the Hamiltonian of the system, revealing that the
Kitaev interaction is FM and thderm is AF comparable in
size as the Kitaev interactioh.

In addition to honeycomb lattices, 2D kagome lattices withigure 65. (a) The 2D kagome lattice structure. (b) Calculated
arrangements of corner-sharing triangles and hexagons elgstronic dispersion andat. band. (c, d,_e) Crystal structures_of
incredible models with which to study magnetic frustratiorgi(’ ;%XZAﬁnda?e(I'sreasrgegtcllvaeli/e'(;,vcv?:ﬁ_ Fe, Mn, CC;' a”‘;ﬁ;(i‘
electronic correlation, and topological electronic structures, . b ; P permission from

. 530767 771 . . S . opyright 2019 Springer Nature.

(Figure 6h Their competing spin interactions
largely impede the development of a long-range magnetic
order, frequently leading to the emergence of complex
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Figure 66. (a) Red arrows indicate in-plane spin directions at zelah Black arrows indicate the moment direction iaaxis aligned eld.

(b) Spin-wave branches for one acoustic and two optical bands. The middle and top green arrows indicate Dirac points and band top,
respectively. (c) Nearest-neighbor DMI direction. (d) DMI induced spin gap at Dirac points. (e) Neutron scattering measured spin waves
energy/momentmap at (a) 0 T, (b) 2 T, (c) 7 T; (d) Calculated neutron spectra for 7 T. All panels are adapted with permission from ref
767. Copyright 2015 American Physical Society.

magnetic structures, interesting magnetic behaviors, and exktitice can lead to a QSL ground Staté kagome lattice
states/%’"® For example, magnetic frustration in kagomeferromagnet can have topological magnon Bafitfdeading
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Figure 67. (a) A-type AF structure of FeSn in 2D kagome lattice structure, adapted with permission ff@é @pyright 2019 American
Physical Society. (b) The antichiral noncollinear structure of;G® adapted with permission from réf3 Copyright 2020 American
Physical Society. (c, d) Complicated noncollinear magnetic structures of barlowite with proximate 2D kagome lattice structure, adapted with
permission under a Creative Commons CC BY 4.0 license from8@fCopyright 2020 Springer Nature.

to possible topological magnetic edge staféspologically  in a kagome lattice, one expects three spin wave branches
robust magnetic edge states are appealing for low-enenggiuding one acoustic and two optical modes with one of the
spending, fast spintronic devices, which would revolutionipptical band beingat in momentum space due to the
modern-day technologies in applications such as sensiggometry of the kagome lattiE@(re 6B6). Spin waves from
information, and communicatidfi!’® It is predicted, taking acoustic andrst optical branches meet at the Dirac points as
SOC into account, that the kagome lattice can realize a 2fhown by the green arrow$mfure 66. At zero eld, there is
Chern insulating phase with quantized anomalous Hatlo nearest-neighbor DMI since the ordered moment is in the
conductance at 1/3 and 2/3lings’’® For real materials plane. When a 7 @axis aligned magnetald is applied, the
with three dimensions, thaite inter layer interaction may moment is tuned along tbexis, giving rise tmite nearest
drive the mass gap to be closed and reopen alongxise  neighbor DMI that opens a gap at the Dirac points and induces
which is the case of 3D Weyl semimetal with broken timeepological spin excitationsiqure 66(a d)].”®*"%® It will
reversal symmetr{/. Furthermore, theat band also carries a certainly be interesting torma out neutron scattering

nite Chern number that mimics the phenomenology of LLxperiments on 2D kagome lattice magnetic materials such
which further enrich the phase diagram that can be achievedis TX, T3X,, and TX where T= Fe, Mn, Co, and X = Ge, Sn.
kagome lattices. Recently, ARPES experiments on kagdfoe example, FeSn is a metallic A-type antiferromagnet with
lattice antiferromagnet FeSn revealed the presence of iateresting propertiestigure 6d).”’® On the other hand,
extremely at electronic band about 0.23 eV below the FermMn3Ge are semimetallic antiferromagnets where Mn atoms
level’®® Although a at electronic band is expected in the form antichiral noncollinear spin structigre 6{b)]. “*°
single-orbital nearest-neighbor kagome mbdglr¢ 6b6), For distorted kagome lattice magnets such as crystalline
the microscopic origin of the observatl band in FeSn barlowite (Cy(OH) ¢FBr), magnetic structures of the systems
remains a mystery. Since the presence of at band is  can be rather complicated as showigare 6€, depending
extremely important to understanding the transport, electronian the details of the lattice distortihAnother interesting
magnetic, and superconducting properties of 2D magnekagome lattice magnet is B, which exhibits helical spin
vdW materiaf§"’"8it will be important to sort out structural structure at zero external magnetia’®*’%? Recently, it was
and magnetic properties of kagome lattice materials. found that application of an in-plane magneficcan induce

In the case of an insulating kagome lattice ferromagnattopological Hall ect (THE) near room temperatufé,
Cu(1,3-bcd), the FM moment direction is in the kagomewhich is typically associated with a magnelitinduced
lattice plane without external applied magnelit (Figure skyrmion lattice or noncollinear spin texture with nonzero
66a).”°” Because there are three magnetic atoms per unit csltalar spin chirality that can induce nonzero Berry curvature
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acting asctitious magneticeld for the conduction electrons
to give rise to the THE38* 789 Neutron diraction
experiments reveal that an in-plane mageédican actually
change the helical spin structure into a double fan spin
structure withc-axis components! di erent from the
skyrmion_lattic€® and inhomogeneous magnetic domain
formation’.*°

As we can see from these examples, magnetic structures of
kagome lattice magnets can be quiterefit depending on
details of the magnetic exchange interactions and subtle lattice
distortions. Clearly, future inelastic neutron scattering experi-
ments to sort out spin excitations in these materials are critical
to understand their exotic magnetic interactions and resulting
anomalous topological and transport properties.

Tunneling and Raman Spectroscopy of 2D Magnetic
Layers and Surfaces.While neutron scattering can
determine the full magnon dispersion relation in magnetic
materials across the Brillouin zone, the technique is limited to
bulk crystals. Below, we shall describe how IETS and Raman
spectroscopy can be used to observe magnon behavior in
layered magnets down to the 2D limit, as well as on the
surfaces of bulk crystals. We shall focus on recent progressitjure 68. (a) Top: Schematic illustrating IETS mechanism.
the chromium trihalide family (GrX = 1, Cl, Br), although  Bottom: Color plot of IETS spectra(d?)/( dV#)| versusV) taken
both techniques can be in principle generalized to other 200 bilayer Crk as a function of out-of-plane magnetield (easy

magnets. By comparing with spin wave calculations for tﬁéiﬁ) shows t_wof(jispersiilr;%néagno_n rrln%%elsé Eott_om Fi”ehadapted
; ; ; ; ; permission from re opyright ational Academy
honeycomb lattice, a simple spin Hamiltonian can be extrr;lct\Q(fSCienceS of the United States of America, (b) Top: Spin-wave

. . . . o)
for. all three 2D systems, yielding .|nformat|on on .the Neareslcylations of magnon dispersion in 2D £ftom anisotropic
neighbor exchange energy and anisotropy. In particular, strQfigsenperg model with nearest-neighbor interactions. Adapted
easy-axis anisotropy in the direction perpendicular to the lay@figh permission from 217. Copyright 2018 Springer Nature.
assists in stabilizing 2D ferromagnetism in monolayers. Thiagnon energies are shown at high-symmetand M points as a
surface layers of bulk £are further shown to host dient function of nearest-neighbor exchange energgd anisotropy .
magnetic order than those in the interior. Zoom-in of the acoustic branch at thepoint shows an energy gap

Electron tunneling is an old and established spectroscopft > 1. (¢) ExtractedJand values for all three 2D chromium
technique. The voltagé applied between two metal trinalides from IETS measurements.
electrodes separated by a thin insulating barrier directly relates
to the maximum energy of the tunneling electrons. While the Recently, several groups have performed IETS on graphene
overall currenttis largely dominated by electrons that tunneltUnnel junctions incorporating ultrathin layers of magnetic
across the barrier elastically, vehéreaches the energy of an Insulators Crx™ A schematic of the common device
excitation within the barrier or at the interface, such as;eometry is shown frigure 7E. The lower panel 6figure

0

phonon or magnon for magnetic insulators, electrons can I03&* S_hOW?(dzl)/( dv?) ||(;/ersu|_s/dtaITen for: bilayer Grias a |
energy to this excitation and tunnel inelastically. These twgnction of magneticeld applied along the easy axis (norma

tunneling processes are shown schematically in the upper pa{letr'te Izyefrs).t The stpectr%Nare showr:j as S ZtD colot;vplot for
of Figure 68. In particular, inelastic tunneling events open fanty. As leawres at posiware reproouced at negaivye

secondary conduction channel and can be seen as either abe X tw?/vi?loiiifeg;ien Vlfrlltgehemg bpe?rI](: EQgtmg)r\]NZLderh'gher
jumps i.n the derential conductana:tb/.d\/_ at various/, or with %)-/factor 2 indicgting gthat thegl/ arise from magn(g)?]/s
peaks in @)/( d\?).”°* Magnon excitations can often be ; '

distinauished from bhonons by examining the evolution of t ualitatively similar features have also been observed for
9 P y 9 layer CrBy and CrCJ, although the peak positions are

jumps or peaks with applied magnetid’® - . :
One key advantage of the IETS technique is that the Iater(@jlglllz\,[(\a,\;((:grt1 t?]léethtr(;edrﬁigﬁﬁgagnetlc exchange parameters
size of the tunnel junction can be reduced to submicron The magnon energies ca.n be compared with linear spin

_dln?ensmr;s usmﬁq nanofabnckz_itlor! or, morelrec?_ntli/j, megh ave theory for the 2D anisotropic Heisenberg model, whose
ical transfer techniques, making it a more localized probe \gh iionjan at zero magnetield can be written as

magnon behavior. Mechanical transfer is particularly suitable_ z i
for exploring 2D magnets that are sensitive to air as vdW SIS P 58  §Swhere)> 0 is the FM
heterostructures can be fully assembled in inert glovéboxesexchange coupling between spin compdgi€fitsandg?

One drawback of IETS is that the tunneling process, unliksn nearest-neighboring sites, agithe exchange anisotropy
optical spectroscopy, does not obey rigorous selection rulesalding the out-of-plare direction. The calculated magnon
therefore is not immediately apparent which momentum valudpersion is plotted in the upper panElgire 6B for =1,
correspond to the observed magnon energies, althouglhich shows an acoustic (optical) branch at lower (higher)
positions with higher density of states are likely to contributenergy, crossing at the K point due to inversion symmetry of
more strongly:® As such, close comparison with spin wavehe underlying honeycomb lattice. The M point corresponds to
theory is needed to obtain quantitative exchange parameteessvan Hove singularity with high density of states, and so are
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most likely to be seen in IETS, while photons can couple to
point excitations with zero momentum. For an out-of-plane
easy axis, as in the case foy, @¢ energies at these speci
momenta are,= ZJ( + 1) and M, = 213 + 1) 1n
particular, for > 1, there is a gap for magnon excitations, as
shown in the lower panel &fgure 6B. Identifying the
momentum positions for the IETS peaks and matching with
the magnon dispersion thus allows for the exchangeJenergy
and anisotropy to be determined for 2D CyX

Based on full spin wave calculations with changing magnetic

eld, the strongestc?l)/( dV?)| peaks were assigned to be
near theM point for Crk. The extractedand values for all
three 2D CrX are shown in the table Figure 68. Both
quantities increase from Gyl CrBg to Crl;. The evolution
of Jis consistent with that of the critical temperaturgs (
values) in the three bulk compoufidsUpon reducing
sample thickness from few layers to monolayerCrBg is
seen to decrease by 1&KwhileT,in Crl; decreases only by
1 K>'® This can be attributed to the largen Crls, which
increases the magnon excitation gap and helps to stabilize
ferromagnetism in the 2D limit.

While IETS is able to detect magnon modes at momenta
with high density of states in grRaman spectroscopy
specically selects for zero-momentum excitations at the
point. The technique is most commonly used to probe for
higher-energy phonon excitations; however, recent state-of-
the-art methods have allowed modes to be resolved within a
few wavenumber (or sub-meV) from the lasef firghe
upper left panel dfigure 68 shows ultralow energy Raman
spectra taken on bulk €ds a function of magnetield.
Negative wavenumbers correspond to anti-Stokes scattering.

Above a critical out-of-plane magnedld ofB, 2 T, a
single peak is observed which blueshifts with increasing
magnetic eld by the Zeeman energy. This mode corresponds
to the point acoustic magnon in spin-polarized layers (layeFigure 69. (a) Top: Experimental Raman spectra (left) and
FM state), and extrapolation to zeetd yields an energy of theoretical calculations (right) of magnon modes in bulkGr$ a

25 em! = 0.3 meV, close to that expected from thefunctlon of out-of-plane magnetield (easy axis). Abo&, 2T,

exchange parameters extracted from IETS. Below the critigzjngle mode is observed as expected for a fully spin-polarized
) state for all layers. Belo®,, two additional modes are seen that

eld, this mode can still .b.e Seen, althoggh there is a Smg; perse oppositely witheld, corresponding to the layer-AF order
discontinuity at the transitioreld. Interestingly, two addi- n surface layers. Bottom: Schematic of spins in bulk &sbve

tional modes appear in this region, which disperse in opposifd below B. Adapted with permission under a Creative
directions with increasingld. These modes correspond to  Commons CC BY 4.0 license from réfi& Copyright 2020
point acoustic magnons in the layer-AF staiers with spin ~ American Physical Society. (b) Field-dependent Raman spectra of
direction aligned (antialigned) with the magnetid yield bilayer Crb. Only layer-AF magnons modes are obtained. Adapted
|ncreas|ng (decreas|ng) magnon energy W|th |ncreas|H\@h permission from re¥93 COpyrIght 2020 Spl’lnger Nature.
magnetic eld. Overall, these features compare well with the

theoretical calculations shown in the upper right panel gfp samples, as atomically thin samples or surfaces may exhibit
Figure 68. di erent phenomena than their bulk counterparts. While we
Previously, bulk Griwas understood to be a ferromag- have focused on IETS and Raman measurements in this
net??*"*> while ultrathin layers host a layered-AF groundsection of the review, we note that other techniques such as
state>'® These results show that even bulk €xhibits a  microwave absorption spectroscopy and pomope Kerr
mixed-phase structure with AF layers likely residing on thetation have also been used to resolpeint magnons in
surface and FM layers in the interior (see the schematic sho@mx,>%"% The latter study on bilayer ¢has further shown
in the lower panel dfigure 68). Applying aeld aboveB, that the magnon frequency can be substantially tuned using an
polarizes all of the spins, rendering a layered-FM state for betkternal gate, an opportunity unavailable for bulk crystals.
surface and bulk layers. In accordance with this picture, Ramaifuture Challenges.While the eld of vdW magnetism has
spectra taken on ultrathin £¢tlown to bilayer) only show seen immense progress in the past few years, there are still
Raman modes corresponding to the layered-AF state, many hurdles to be overcome. A comprehensive investigation
surface layers constitute the entire sample Hiseee of magnetic excitations in atomically thin samples is especially
6%) 218793 challenging from a technical perspective. Currently, neutron
These results highlight the importance of using microscopscattering is one of the few techniques capable of determining
probes to investigate magnetic excitations and interactionstlie energy of magnons as a function of momentum. However,
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it is inherently a bulk probe and requires large crystals. On tREXS/REXS to study magnetism of thims of selected
other hand, while IETS, Raman, and other optical techniquesaterials.

can be applied to monolayers, they can only resolve magnons

at select momenta, making it alilt to extract higher-order HETEROSTRUCTURES, TWISTED LAYERS, AND
exchange terms in the spitamiltonian, such as the INTERFACES

biquadratic exchange predicted fo C¥XThis is particularly Introduction. A pivotal advancement in the 2D materials
a concern if magnetic properties of thin samples or surfac@smmunity was the development of techniques to fabricate
deviate from their bulk counterparts, in which case neutrogertical heterostructurestacks consisting of multiple layers
scattering may no longer serve as an accurate reference. of dj erent 2D materiaff8549553803 810 g ch techniques are

In order to resolve the full magnon dispersion in magnetigspecially versatile since they only rely on vdW interactions to
insulator monolayers, it may be possible to use graphene withraduce heterostructures, aliowing for nearijténpossibil-
well-dened relative twist angle as tunneling contacts. Bifies by combining vdwW materials withedint electronic,
systematically varying the twist angle, one may potentially Rfagnetic, or physical properties. With the recent discovery of
able to select for the momentum of the magnons that couple 34 magnetism within the family of available vdW materials,
electrons tunneling between the K points of the two graphergportunities have arisen for incorporating 2D magnetic layers
layers. In prior works that observe magnons if USIXg  within more complex heterostruct(iés*% Stacking 2D
IETS,*?%>the relative twist angle of the graphene/graphitemagnets into vdW heterostructuresr® an alternative setup
contacts have not been Carefully controlled, which maYy create Spin and pseudospin textures, topo|ogica| super-
partially explain the slightly elient IETS peak positions conductivity, and other exotic quantum plaSEsThe
observed across efent devices incorporating the samepotential of magnetic vdW devices in spintronics, optoelec-
magnetic insulator. tronics, and quantum technology applications is invigorating

Finally, both IETS and Raman scattering have limitations far contemporary research. There are certain advantages
the energy range that can be accessed. Tunneling devices bggkng from the atomic thickness of 2D materials compared
down under large electrields, and while arbitrarily small to their bulk counterparts. These include the increased
voltages can be applied to the junction, the lower energy limjfrength of exchange interactions, which fundamentally alters
is e ectively set by the width of the IETS peakéV).*°For the electronic structure of proximitized 2D systems, and the
Raman scattering, spectral leakage from the laser line prevailigrent exibility of 2D materials which enables precise
measurements down to arbitrarily low wavenumber. Whitgprication of vdW heterostructures.
recent work has demonstrated the ability to resgbent In this section, we will overview three areas of ongoing
magnons in Csidown to 3cm® (0.4 meV), other systems research in vdW heterostructures fabricated from magnetic
such as Crglpossess a smaller anisotropy with low-energghaterials. We will begin by introducing the techniques used to
magnons in the GHz rangey).** Other techniques such as incorporate magnetic 2D madts into heterostructures
Brillouin scattering may be needed to access this enerfiflowed by a discussion of how heterostructures can be
window. used to investigate the fundamental properties of 2D

Another way to potentially resolve thesecuties in  magnetism under multiple external parameters including
studying magnetism of thidms is to develop resonant carrier doping, electrield, and isotropic pressure. We will
inelastic/elastic X-ray scattering (RIXS/REX®IXS-based  then discuss how heterostructures incorporating 2D magnets
techniques may combine the advantages of a few existitih be used to engineer phenomena through the control of
methods to characterize 2D magnetism. On the highdjacent layer twist angle and the proximégtein which
throughput end, optical imaging can detect strain-induca@lagnetization can be induced in a nonmagnetic layer from an
band gap changes or polarized refraction at video sPeed, Bdfacent 2D magnet. In this context, the weak vdW nature of
the spatial resolution is diction-limited to about 0.%n7*° interlayer interactions not only relaxes the need to consider
Scanning-probe-based NV-center magnetometry recenfdytice mismatch between contiguous 2D layers, but also makes
demonstrated atomic resolution in 2D FM materials, but thinterlayer twist angle and stacking order design ingredients for
speed is as low as a few seconds pef'diveéntz electron  the bespoke magnetic syst&rhsdw heterostructures e
microscopy provides high speed and high resolution only farmability of 2D magnetism. Some of the tuning mechanisms
ferromagnetism and is not sensitive to spin orders without nigiclude built-in electricelds and charge transfer at interfaces
magnetizatioft® In addition, RIXS-based techniques canbetween constituent 2D layers; strain, lattice reconstruction,
probe the spin dynamics of both ferromagnets as well aad orbital hybridization at interfaces with npaiteerns due
antiferromagnets, as long as kinematic scattering conditionstaréattice mismatch or twisting between layers; and band
satised. Furthermore, RIXS/REXS can be element-selectiwtructure renormalization due to exchange interactions,
thus allowing experiments to be carried out if there is morielectric screening and sprbit proximity coupling, to
than one magnetic ion in a 2D magnetic material. Howevatame a fe#->
current RIXS also has drawbacks due to the traaaemg Heterostructure Fabrication. After 2D vdW crystals are
energy resolutionux, and spatial resolution in synchrotron isolated and iden#éd on a suitable substrate (often,/Si)
light sources, which are fundamentally limited by brilliancéhe next step in fabricating a heterostructure is to remove the
RIXS has limited energy resolution 40 meV (L-edge akes from the substrate and prepare them for the
resonance) that only applies to materials with large magneiticorporation of additional layers. Generally, this is accom-
exchange couplings®°° These wavelengths are too long to plished by using an adhesive polymer (such as PMMA/PVA or
cover the entire Brillouin zone in the reciprocal space, f®@DMS/PPC/PC/PCL) that bonds to theke more strongly
example, of iron based and cuprate supercondiitteesige ~ than the ake bonds to the substrate,’ 7980380480781
RIXS uses shorter wavelength, but the energy resolutionTise primary method used for manipulating 2D magnets is the
much wors&” Even with these constraints, one can utilizedry-polymer-transfer process in which a polymer is prepared

7038 https://doi.org/10.1021/acsnano.1c09150
ACS Nan®022, 16, 69607079



Figure 70. Processow for vdW heterostructure fabrication. Schematic of the dry-polymer-transfer process used to fully encapsulate a 2D
ake with hBN (here, it is grapheng)! This process relies only on the vdW interactions between hBN and otheaR&s and can be used
to pick up and transfer a number of dirent 2D materials. Reproduced with permission from5&f. Copyright 2013 AAAS.

Figure 71. Contact methods for exfoliated vdW magnets. (A) Schematic gGa,Te; ake top contacted with metal electrodes under an
ion-liquid gate®® Adapted with permission from r&b. Copyright 2020 Springer Nature. (B, C) Optical image of a 5.8 nm-thigle&eg
(B)***and a 28 nm-thick R&eTe (C)®" ake contacted from the bottom with prepatterned metal electrodes. In (B) the red dashed line is
the FeGeTe and the yellow dashed line is the hBN. The red scale bar istlt? In (C) the scale bar is 20m 8’ Panel (B) was adapted

with permission from refl23 Copyright 2018 Springer Nature. Panel (C) was adapted with permission froBv.r€fopyright 2019
American Chemical Society. (L) Schematics (D, F) and corresponding false-colored optical images (E, G);ofa&ds contacted by
graphene electrodes for lateral (D, E) and tunneling (F, G) transport measureMmiént&) and (G), the scale bars are both 5.*° Panels

(D G) are reproduced with permission from r&$. Copyright 2018 Springer Nature.

on a glass slide which is then deterministically placed onto theotective coating™®° as well as a high quality dielectric
desired 2D materiat>>’**°2Once the ake is covered by the material’® for gated measurements.
polymer, it can be slowly and controllably delaminated from Contact Methods. The variety of electronic properties
the substrate by micromechanical manipulation or modulatimbserved in 2D magnetic compounds coupled with the
of the sample temperature. This transfer process can Heering sensitivities to air, water, and solvents has required
repeated with additionabkes to produce a multiple layer the development of various contact methods for fabricating
stack consisting of any number of desired 2D materia¢dectronic transport devices. Certain less sensitive 2D magnets
(typically limited to <10akes). Once the desired number of (such as multilayer @%Tee,m% FeGeTg,'2/ 7109123500
layers has been picked up, the entire heterostructure can BeGeTe,?'® Fg ,TaS,*®’ or MnBi,Te,*) can be directly
deposited onto a substrate by melting the transfer polymer (seentacted using lithography and metal deposition without an
Figure 7R encapsulating layerigure 7A). However, in the few-layer
Due to the extreme sensitivity of most known 2D magnets tamit, most 2D magnets require indirect contact techniques
air, water, and solvefit§>*?®*2 heterostructures and devices combined with protection by an hBN layer. This ranges from
using magnetic akes must be prepared under inertdirect etching and deposition after encapsulation in an inert
conditions° Therefore, heterostructures are assemblednvironment (such as metalligGeTe)® or prepatterned
using the dry-polymer-transfer process inside a glovebmetal electrodes for metallic;GeTe,*** (Figure 7B),
environment. To protectakes during the nanofabrication CrTe,”’® and FeGeTe?’ (Figure 7C) to intermediate
steps needed to create devices and subsequent transfer graphene contacts for the semiconduci@regies. For the
measurement systems, encapsulated heterostructures most sensitive magnetic materials {@xily), they cannot
fabricated which sandwich the 2D magnet between two layédrs exposed to ambient conditions at any stage of fabrication,
of hBN>/#8%4 The hBN serves both as aneive  necessitating full encapsulation with hBN and graphene
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Figure 72. Heterostructures fabricated from 2D vdW magnets. (A) Schematic ofGaC¥; ake fully encapsulated with hBN and
contacted by graphene electrod8®Reproduced with permission from r&6. Copyright 2018 Springer Nature. (B) Schematic (left) and
corresponding optical image (right) of a MTJ fabricated fromGe&Te electrodes separated by an hBN bartfrin the right panel, the
dotted lines outline the edges of the two,6eTe akes. The scale bar is f. Reproduced with permission from rE§9. Copyright 2018
American Chemical Society. (C) Optical image (left) and corresponding cartoon (right) of a lsgirMTJ utilizing Crk as the tunnel
barrier between graphene electrode®Reproduced with permission from réf. Copyright 2018 AAAS. (D) Schematic (top) and a false-
colored optical image (bottom) of a spireld-e ect transistor fabricated from 4-layer ¢rP* Graphene acts as both transistor electrodes
and local electrostatic gates. The scale bar imm5Reproduced with permission from 194 Copyright 2019 American Chemical Society.
(E, F) Schematic (E) and false-colored optical image (F) of a heterostructure proximitizipgi@riWSe.?°® The scale bar in (F) is 5m.
Panels (E, F) are reproduced with permission under Creative Commons CC BY-NC 4.0 license 206 @dfpyright 2017 AAAS.

intermediate contactSiure 7D G for two di erent contact Overview of Heterostructures Based on Magnetic
schemeg)?t 13 162223112117 120131492504 T4 (ate, most  Materials. Utilizing the versatility of the vdW stacking
available 2D magnetic semiconductors have poor chamgmcess, a variety of heterostructures have been fabricated
transport properties. As additional 2D magnets with functiontbm 2D magnets to understand the nature of magnetism in
semiconducting properties are idemtj an upcoming the 2D limit and fabricate functional spintronics. One example
challenge will be fabricating devices with low-resistancefull hBN encapsulation with the incorporation of electrodes
contacts. Many of the contact techniques used for norsuch as prepatterned metal electrodeGéffe,’ seeFigure
magnetic 2D semiconductofs®® (such as lateral junctions 71B) or graphene electrodes fG&Te,, ° or Crl*) (Figure

or phase contact engineering) are currently not feasiblé2A), which allows for the fabrication and measurement of
Signicant progress can be made if contact geometries dageral transport devices from conducting air-sensitive 2D
developed (such as metal electrodes embedded in hBN fmagnets. The hBN has the additional advantage of being
simultaneous contact and protection)nore metallic 2D optically transparent, which allows for simultaneous character-
materials can be iderdl (for work function engineering), or ization of the sample magnetization using optical ptdbes.

if more stable 2D magnets can be discovered. A promisingThe second class of heterostructures are tunnel junctions
candidate for the latter is the CrEX family from which CrSBfabricated from vdW magnets. Using layered FM 2D crystals, a
(a layered AF semiconductdf)has shown superior air- heterostructure resembling a canonical MTJ can be fabricated
stability down to the monolayer lifit. from all vdW materials using either hBN, MoSgraphite
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Figure 73. 2D magnetism controlled by twistronics and stacking order. (A) Variation of stacking order in small twistrangladayer

bilayer graphene (tMBGJ?’ (B) Transverse resistan€, map measured versus total carrier densiand the magneticeldBatT = 6.4 K

in a tMBG device with = 1.25 near = 3 orbital magnetic state presents a magnetization reversal driven by the chammgeBidue to the
non-negligible contribution from the topological edge states in large nuwiitecell area. = nAis the number of carriers per moireunit
cellA®%7(C) In B- eld, =3 state switches between K andvélley polarization as doping level changes across th& g@p) Nonvolatile
switching between K and Kalley-polarized magnetic states independently controlled by eitheB.®’ Panels (A D) reproduced with
permission from reB27. Copyright 2020 Springer Nature. (E) Temperature-dependent hysteresis (highlighted by colored areas) observed
in magnetic eld in rhombohedral graphit€®* (F) Phase diagram of the critical behavior in (E) characteristic to strongly correlated
electronic systenfS* Panels (E, F) are reproduced with permission froma@f Copyright 2020 Springer Nature. (G) Scanning tunneling
spectroscopy map of a smalktiouble bilayer graphene showing Bernal (black) and rhombohedral (white) stacking déritaResroduced

with permission under a Creatice Commons CC BY-NC 4.0 license fro882efCopyright 2021 National Academy of Sciences. JH
Rhombohedral (R) and monoclinic (M) stacking c@uration and magnetic domains in a smatisted bilayer CH. (H) Three types of
stacking domain walls in this system. Arrows represent the stacking VECt)ysSketch of the magnon network at= 0.1°.2%3 (J) Stacking

and magnetic domain patterns of the gray rectangle area in (l). Red (blue) arrows represent stacking vectors for R (M) stacking. Red (cyan)
lines represent the RR (MM) stacking domain wéif§Panels (H J) are reproduced with permission from @83 Copyright 2020
American Physical Society.

(with FeGeTe)*99*%°Por a naturally formed @ surface  con guration, making them enticing for spintronic applications
(that forms upon the exposure of FEaS*°’ to ambient  (Figure 7€).

conditions) as the tunnel barri€igure 7B). The atomically Due to the aforementioned optical transparency of the
sharp and clean interfaces naturally formed during stackiocgnstituent layers within the splii@r-MTJ heterostructures,
give rise to high quality tunneling interfaces. Due to theptical 2probes (such as Raman spectroscopy,
abundance of naturally layered AF vdW crystals/tepin- MCD2*3%°%* and Kerr rotatioh”) are used to correlate
MTJs can be easily created utilizing an AFgkie as the tunneling measurements with direct measurements of the
tunnel barrier between nonmagnetic metal electrodes (a@ample magnetization and structure, making these hetero-
alternative to the classical FM/I/FM MTJ structure). This structures a model system for investigating the nature of
concept has been demonstrated many times using gwe CnX¥agnetism in the 2D limit. Toward this end, more complex
compounds (]C§|ll13 162223112120492504 crpy, 11212013 heterostructures have been fabricated to include dual graphite
and CrC**#*7 %29 which boast exceptionally large on/o gates Figure 7D), which allows for the measurement of the
switching ratios upon a transition from an AF to a FMmagnetic properties (through either optics or tunneling
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Figure 74. Tuning magnetic vdW heterostructures. (A) Schematic of a high-pressure setup for a MTJ. Yellow line represents electrical
leads?? (B) Tunnel currentl, versus magneticeld H at pressures from 0 to 2.7 GPa in a bilayer,GATJ. Insets show spin alignments and
optical image of the MT%. Panels (A, (B) are reproduced with permission froma2fCopyright 2019 Springer Nature. (C) Proposed vdW
heterostructure where exchange (EX) and spirbit (SO) coupling can be swapped by an electrgtd. CrGe,Te; magnetization is
denoted by red arrow§° Adapted with permission from r&B9 Copyright 2020 American Physical Society. (D, E) Dependence of RMCD
on magnetic eld in heterostructures of Wsand trilayer (D)/bilayer (E) Crk (shown in the insetsj°® Panels (D, E) are reproduced with
permission from reR03 Copyright 2020 Springer Nature. (H) Photoemission and spin-dependent charge transfer in hBN encapsulated
Crly/WSe, heterostructure. (F) A schematic of the heterostructure deposited on nanopillar®4¥éy) Spin-dependent charge transfer
from spin-polarized states in WsSe Crl; results in the highly p-doped WSevhere an exciton can be turned into a localized charged trion
(0D X*) viaa hole capture process (H). Arrows in red and green (blue) denote the spin direction in (B1$g.%*° Panels (F H) are
reproduced with permission under a Creative Commons CC BY license fradd@eCopyright 2020 Springer Nature.

transgort) as a function of carrier doping or local electricsm from itinerant electrons can be tuned by twistronics, where
eld**1492°504 gnd hydrostatic pressaré’ properties of vdW materials are controlled by changing twist

Beyond studying the intrinsic properties of 2D magnetangle between constituent 2D layers. With recent advances
heterostructures can be fabricated for the purpose of inducitwgstronics provides a strategy to reliably fabricate devices with
magnetization in a nonmagnetic 2D layer through tharbitrary rotational order and sity thus signicantly
proximity eect. For example, it was shown in a heterofacilitating research in vdwW heterostructtités?

structure consisting of grnd WSe that the valley In rotated graphene bilayers, a msupgerlattice results in
polarization in W$avas directly linked to the magnetization the formation of moirminibands which become particularly

of the Crl and was tunable with an external magneitic at at spect magic anglé$® These at minibands have
(Figure 7E,F)Z%° vanishing Fermi velocity resulting in a large density of states

Band structure engineering can be used to induce magnetihich gives rise to electralectron interactions. Recent
response in nonmagnetic 2D materials. For instance, magretperiments on magic-angdleisted bilayer graphene
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(MAG) 18823824 triggered the use of twistronics for tuning the Curie temperature of,Ge,Te;, 2>’ while higher pressures

interaction strength in 2D materials, where research on moireorient its spins from out-of-plane to in-plah&urther-
superlattices in MAG revealed a score of correlated phasesre, interlayer exchange coupling depends on layer
including ferromagnetism and quantum anomalous Hadleparation and stacking order which can both be tuned by
state°° For instance, at a fractiontling (3/4) of a moire hydrostatic pressure, as seen in hBN/grapheggr&rl
miniband, electronic interactions make MAG magnetic, gthene/hBN heterostructures, pressure induces an AF-to-FM
signied by a strong FM hysteresis and a strong anomalog@nsition in bilayer Gf*?* (Figure 7A,B). Nanoscale

Hall e ect”®° Aligning MAG to a hBN substrate increases thestructural modcations also induce switching between FM
strength of interactions and stabilizes magnetism, leading targd AF ordering, as was in the case of magnetic transition and
stronger orbital magnetization and a clear quantum anomalashanced magnetization observed in hBN- or graphene-
Hall e ect?>*° This incipient magnetism could arise from encapsulated Grl akes indented with a diamond scanning
strong interactions leading to spin-valley polarization of moifgobe?* Another possibility in controlling magnetism in vdw
minibands, characteristic for an orbital Chern insulator stat@aterials is through strdfi A FM phase transition at room
Notably, magnetic order of these MAG devices can b@mperature is predicted in Cgvéihd CrwGsTe, mono-
controlled by a nanoampere electrical current, showingyers subjected to an in-plane tensile Strahile monolayer

potential for electrically controllable magnetic memorghromium trihalides show AF phase transition upon a
applications. Using twisted monolalgitayer graphene allows  compressive stréif.

for the control of orbital Chern insulator magnetic states proximity E ects at vdW Interfaces.In atomically thin

dire_ctly with electricelds _Figl_Jre 78,D), which is crucial in _vdW materials, magnetic proximitgots become dominant,
designing recogurable circuits and ultralow-power magneticys even short-rangesets exceed the thickness of contiguous
memory“’ for spintronics and multiferroics applications.op crystal& The proximity of 2D magnets can break time

Recently, spatially resolved measurements of the 10G@lersal symmetry in nonmagnetic 2D materials, leading to
electronic compressibility in MAG revealed a peculiar highy

. . "Ivalley polarization in TMDs, quantum anomalous Hall i@
temperature state with a large spontaneous magnetlzatl%lpmogicm insulators, and other emerging phenomena

From this broken spin-valley symmetrygzt?ate, more fragile &), ding multiferroicity and topological supercondudtivity.
ﬁ;npneégéuﬁ dgorﬁfgd d%(/?ggg 3"86‘;?()5”3,[% dqg?;gzﬁ;r;gd For instance, FM exchange interactions from the 2D magnet
orb?tal magne'tic states, demarcated rsjrorder phase CrzGQTe%londycg an anisotropic spin texture in proximitized
transitions, and driven b' the interplay of nperéodicity g_raphené. Similarly, the proximity of magnetic _CrS_Br toa
and magnétic length Sﬁégo bilayer graphene _re_sults in a large spin polarization of the

Another pure carbon rﬁaterial which exhibits emerge raphene co_n_ductlwty, ma}klng QrSBr_/graphelneﬁr?f‘&rostruc-
correlated phases is a multilayer rhombohedral graphene (RI t(iao gaIF(): ruolgjt:f)':g f(f?/ztzg] 'Iperelg%ntrﬁgltzsrogﬁg Igr su .est
a simple material witlat electronic bands but without a moire that 2D i bQ iqantl : h d g 99 '
superlatticé®®3? vdw technology enabled the study of "ia <2 Maghetism can e&g@)a%yen anced by proximity
electronic transport in high-quality multilaye?®&@hich  ©f & 2D material with strong SOCAnother theoretical work
revealed strong correlations and behavior characteristic p&admts that the proximity of a bulk semiconductor substrate
multiferroic materidfé (shown in Figure 7E,F), while © & 2D éﬁgﬁ signi cantly increases its FM exchange
scanning tunneling spectroscopy revealed that tetralayer geractions. .Fu.rthermore, in vdw m0|reu.pe'rlatt|ces
has a correlated many body broken symmetry state probably/§i9netic proximity ects can be tuned by twisting and/or
an excitonic insulator or a ferrimagnet nafiigeie 76)5%2 ~ Stain between the vdW layefsggre 7B,E)." " vdwW

Twistronics in Ferromagnetic Materials. Twisting engineering in comblnatl_on W|th_ circular dichroism measure-
magnetic 2D materials could lead to an interesting interpl&)€NtS demonstrate an interesting approach to control and
between magnetism and topol§§yFor instance, tunable Probe a layer-dependent magnetic proximégt éetween
magnetic moirekyrmions (topologically protected vortex-like Monolayer Wgend biftrilayer Cg, promising for spin- and
magnetization textures) are predicted to form when a 2palleytronics applicatigfis The proximity of hBN encapsu-
ferromagnet is twisted on an AF subsitt&’ A magnonic ~ lated graphene to a 2D magnet allows for the detection of
(spin wave) analogue of MAG is theorized in a simple twistd@f0ximitized magnetic ordea graphene-based ballistic Hall
FM bilayer model without lattice relaxation; DMIs aremlcroma}g_netomet?ﬁ _
predicted to result in a rich topological magnon band Combining a 2D ferromagnet and a superconductor into a
structuré®® By fully accounting for lattice relaxation, VdW heterostructurg provides a tunable route to the exotic
theoretical calculations of a twisted bilayes edict ~ State of a topological superconductokey element for
stacking domain walls which would host stable 1D magnd@pological quantum computing, due to the emergence of one-
channels (originating from Goldstone modes of the spifimensional Majorana edge modes which are robust against
Hamiltonian) arranged into an interconnected muagnon disorder. MBE is a scalable approach to creating such designer
network®® (Figure 7Bl J). Recently developed general topological heterostructures. For example, MBE was used to
formalism of twisted (anti)ferromagnetic bilayers shoul@row a 2D ferromagnet CgBin the superconductor NbSe
stimulate further theoretical and experimental research #@sulting in a high-quality interface in which signatures of
magnetic moirbeterostructuré$® Majorana modes were deteft&d’ This approach can be

E ects of Strain and Hydrostatic Pressure.Tuning extended to other hybrid superconductor-magnet hetero-
material parameters such as interlayer separation or stackdtigctures, for example, Nb@®&d VSg give clean and
orderviathe application of pressure or strain is agctive atomically sharp interfaces, where a decrease in the super-
method for controlling magnetism in vdw matétfaror conducting gap of NbS#ue to a magnetization of the ¥Se
instance, a hydrostatic pressure of 1 GPacsigy aects sheet was obsen/&d.Even more opportunities to study
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exotic strongly correlated behavior can be found in organiareation of myriad systems by combing materials veitardi
inorganic heterostructunéa molecular intercalati6ff electronic, magnetic, or other physical properties. With the
Spin Orbit Coupling and Optical Control of Mag- recent surge of 2D magnetic materials, opportunities have
netic Properties. Light matter interactions provide an emerged for fabricating heterostructures incorporating mag-
excellent opportunity to both probe and control magneticallgetic vdW materials. These magnetic heterostructures provide
ordered phases in vdW materials with considerabfé B&C. unparalleled access to a wide range of condensed matter
instance, ferromagnetism in 2D materials can be directtystems with many exotic properties. Designer magnetic
probed using helicity-resolved Raman spectroscopy due to thaterials cer countless opportunities for engineering desired
spin angular momentum carried by circularly polarizeédight. properties tunable by electrical, optical, mechanical, chemical,
Spin-dependent charge transfer between spin-split bandsaofl other external stimuli, which could lead to hybridialrti
WSe and Cri can be used to generate charged excitond)eterostructures with applications in spintronics, data storage,
which can be arranged into large-scale deterministic arraysopfical communications, and quantum comgufinEhere
quantum emittergia strain-inducing nanopilf&% (Figure are many challenges still present including developing more
74F H). Contributing to spin-photonics applications, room-stable materials, tuning magnetic phases that exist at room
temperature spin polarization can be achieved in hetertemperature, optimizing fabrication techniques to more reliably
structures of monolayers of M@BWSe with Pb}, in which fabricate heterostructures with multiple layers and various
the spin polarization can be tuned by, Rbjer thickness, con gurations, improving contacts to 2D magnets for func-
temperature, or excitation en&fgyA theoretical proposal tional electronics, and creating 2D magnets on a wafer scale for
unites the elds of twistronics, spintronics, and many-bodyindustrial processing’
physics by engineering a heterostructure of a twistgd WSe
bilayer sandwiched between magnetic,&fBFhis moire ~ THEORY AND SIMULATIONS

system featuresat bands with tunable valley and spin |niroduction. Experimental measurements present-signi
ferromagnetism emerging from the interplay between twighnt technical challenges in the area of 2D magnetic materials
engineering, SOC, and exchange proximity and providesyge their characteristically low magnetic ordering temperatures
starting point to study strongly correlated systems tvig@ble ang general volatility. In contrast, simulation methods have
exchange bias. Another theoretical work suggests that exchapfiginced considerably in the past 20 years in terms of
and SOCs can be swapped by an applied eleio» a  fyngamental capabilities, accuracy and speed. Today it is
bilayer graphene (BLG) sandwiched between a 2D fe"om%ssible to routinely perform magnetit-principles and
net CeGeTe; (CGT) and a monolayer WSwvhere CGT  giomistic simulations with high accuracy and develop a deep
provides proximity exchange coupling to the bottom layer ghd fundamental understanding of the underlying physical
BLG,S\Q\gh“e' WsSinduces a SOC to the top BLG layéglre  properties of 2D magnets. The broad availability of advanced
74C).”*"This doubly proximitized BLG heterostructure can besimuylation software and high performance computing facilities
further extended to systems comprising (anti)ferromagneisas pushed the frontier for 2D materials discovery from the lab
ferroelectrics, topological insulators, and superconductors, agqhe desktop computer. Such a shift is important irelthe
o ers a platform to explore emergent spin physics. of condensed matter and even at the birth of this exeitihg
Electrical Control of Magnetic Properties. Electrical it js clear that existing approaches are able to uncover a
control of 2D magnets ers another convenient tuning knob. plethora of exciting magnetic phenomena with untold possible
In a bilayer Cglantiferromagnet, electrields and electro-  gpplications. In this section we aim to provide a basic
static doping can ect the spinipping magnetic eld, framework in terms of fundamental theory and simulations
modulate the Curie temperature, and induce an AF-to-Fbchniques for exploration of 2D vdW magnetic materials in a
transitiorf:>** The high quality of the interface in the MbSe  feasible manner.
CrBi heterostructure leads to a strong splitting of valley Theory. The general theory of magnetism is very well
excitons in MoSein zero magneticeld, with a distinct  established and expressed in terms of a generalized spin
electric eld dependence indicating a potential for electricaiamiltonian describing the magnetic interactions in the
control of magnetizati6ff. vdw heterostructure multiferroics system. It is important to note the deliberate absence of
bring forward low-dimensional magnetoelectric physics ap@nmagnetic contributions to the Hamiltonian in this
spintronic applications thanks to the increaseterecy of  formalism. The ective parameters (i.e., exchange, single-ion
eIectr!caI control of magnetism enabled by their inhererdnisotropy, magnetic moment) in the spin Hamiltonian are
coupling between magnetic and electric orders. Although sogigiays computedb initiowith the full spin Hamiltonian
theoretical works predict single-phase 2D magnetoelectfiluding lattice, kinetic energy and relativistic contributions
multiferroics in CUM, (M = Cr, V; X =S, Se), CrN, and  that are simply mapped to a set of magnetic interactions based
CrB, system$;%*°° competing requirements of the orbital on their symmetry and order. The general spin Hamiltonian is
lling for ferroelectricity (empty d-orbitals) and ferromagnetgiven by
ism (lled d-orbitals) make these systems scarce. Another
computational research circumvents this by suggesting multi-/ =5 § ;$5 (5% $Sk, (988 ;B
ferroics based on a 2D heterostructure comprised of FM i<l <l : i (14)
CrGeTe; and ferroelectric J8g, where the magnetism of wheres; are unit vectors describing local spin directigns,
Cr,GeTe; switches following the polarization reversal o ' N _ )
In,Se which in turn becomes a magnetic semiconductor du@nd 172 are the bilinear and biquadratic exchange tensors
to the proximity eect®>* respectivel¥, is the single-ion uniaxial anisotropy constant,
Conclusions and Outlook. The advent of techniques to is the local spin moment, g (H is the externally applied
fabricate heterostructures consisting of multiple layers ofagnetic (induction) eld in tesla. The standard bilinear
vertically stacked 2D vdW materials has allowed for thexchange interaction is given by a summation of all pairwise
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interactions for the indéx j to avoid double counting with this regard, combining locally exact computations aettfar-
the vector-tensor-vector multiplication: approximations for the ideal balance of accuracy and
computational eciency.

Monte Carlo Methods. The ab initio parameters give
important insight into the fundamental interactions in 2D
materials, but present only the case of fully ordered moments
at zero temperature. However, experimental measurements are

(15) always conducted atite temperature and so the temperature

Here the exchange matrix includes three physical interacti endence of the properties is an important component of

in a compressed format for ease of computation an\éaldatmg simulations against experimental data. Simple

expressiveness. The tensor can be expanded in the follo glytu_:al approaches such as melahand random phase
way: approximati allow the estimation of Curie temperatures

of magnetic materials, but today Monte Carlo Metropolis
methods provide a fast anccent way of nding equilibrium
thermodynamic properties of a magnetic s%rs‘?e?ﬁhe
Metropolis algorithfi® takes a random spin with direction
S and changes its spin direction to a trial diregtidime next
(16) step is to calculate the change in energy between the initial and
nal states E= HS) S E$. The trial direction is either
accepted or rejected based on an acceptance prolibility (

Ex=[S% § %

(0 2159100000021 9 01000C 5 510D

and includes isotropiexchange interactionk, 2-ion
anisotropyk,, ki, k,, and DzyaloshinskMoriya interactions
D.”**In this form, the exchange tensor also encapsulates the E'!
Kitaev interactidi* and the XXZ model within a more P= eXpE@?
general framework that extends beyond nearest neighbor ' (18)
interaction§> The biquadratic exchange is a higher ordefwherek is the Boltzmann constant afids the absolute
exchange term that is an important correction for 2D magnetismperature. If the change in energy is less than zero then the
necessary to properéy describe temperature dependent proggbbability is greater than one and the spin is automatically
ties®°and spin wavés? accepted. This is repeatédimes withN corresponding to

The principal assumption of the Heisenberg model is that @fie number of atoms in the system, completing one Monte
xed length, localized magnetic moments, where the energyQzirio step.
the system is described purely in terms of coherent rotation ofAn important aspect of Monte Carlo Metropolis simulations
moments. This is generally a good approximation for bulk Fe, the sampling method used to select trial spin poSjtions
Co, and Mn, and less so for bulk Ni and Cr which have amokearly models of 2D magnets assumed an Ising model,
itinerant character. In 2D materials the validity of the localgnceived by Ernst Ising in 18§28here the spin system is
moment approximation is generally better than the bulkyved by spinipsS = §§ assuming a global quantization
casé€” due to the semiconducting character of the materialg, usually deed by symmetry. As discussed later, this
and enhanced electron localization. In the case of MOLeq,mption leads to artifacts and a satioverestimation of
itinerant-like spins longitudinal momerttuations can likely 6 cyrie temperature that are unrealistic. A natural extension
be represented by a Landau expansion of the Stonef‘fhodely¢ e Ising model is the classical Heisenberg model in two and

d_ThIe dnall entla(;getlc contribution of |gu?|§)rtance IS thhethree dimensions. Note that the dimensionality refers to the
Ipole dipole eld, or magnetostatics in bulk magnets. Thegyaiia| dimensionality of the lattice coordinates: The

dipole dipole interaction is long ranged and Critica”i’]aeisenberg model explicitly describes an atomic spin with

e freedom to orientate anywhere in 3D space. Even though
Yuantum mechanical eets are neglected, the Heisenberg
model is capable of accurately modeling phase transitions,
temperature dependent properties and surfaceniémdize
e ects. In the Heisenberg model the random spin positions
must obey the principle of detailed bal2iicEhe simplest
8_m_ (" way of satisfying this is if the moves are uniformly distributed
3 17) over the unit sphere.

An e cient computational method for this was devised by
where (r) is the 3D Dirac -function and represents the self- Marsaglf&@’ and is known as the uniform metftdThis
eld of the dipole. In conventional micromagnetic simulationspmputational method is eent at high temperatures,
the magnetostatics are accounted for with the continuutmowever is inecient at low temperatures, since due to the
approximation, but in 2D materials where the domain walls aegchange energy only moves with a small change in spin
exceptionally narrow, it is important to consider #aof position will be accepted. Another possibility for sampling the
the lattice structure and thermal spictuations on the dipole  surface is a Gaussian method, sampling a Gaussian distribution
eld®" Direct calculations of the dipotipole eld for large  around the initial spin position the width of which is
systems is computationally expensive but possible on ladgpendent on the temperature. This improves the acceptance
scale parallel computers. Other faster techniques such as fatt (by sampling small spin moves) to achieve better
Fourier transforms rely on translational invariance of the spinemputational eciency but also presupposes that small
which is problematic for certain structures but in particulamoves are thermodynamically preferred, though in the case
honeycomb lattices. Hierarchical approaches are promisingoinexchange coupling this is a reasonable approximation. To

Considering a localized magnetic moment ;S at position
r, the eld B; from all other dipolesy = ;§ with position
vectorr; is given by
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Figure 75. Comparison of derent Monte Carlo models calculating the Curie temperature of. Ga) Classical 2D Heisenberg. (b)
Classical Ising model. (c) Quantum-like simulation with temperature rescaling. All panels are adapted with permission 8 ref
Copyright 2015 American Physical Society.

ensure that all spin states are accessible, it is oftaridbéme  measured validé$™®’° of 2D magnets. To explore the

combine these Monte Carlo trial moves (gpirrandom and  qualitative and quantitative etiences between the Heisen-
Gaussian) into the sampling approach, found by Hinzke afrg and Ising models, we consider calculations of the
NowalZ®® The three possibilities of trial moves allow thetemperature dependent magnetization afi€fFigure 75
system to equilibrate quickly at any temperature by allowirBased on thab initioparameters of Wahab al>*! the 2D

large changes in the spin position at high temperatures usidgisenberg modehds a Curie temperature of 36 K, which is
the uniform and spirip sampling and smaller changes at lowclose to the experimental value. The temperature dependence
temperature using the Gaussian sampling. More recently @ih magnetizatioom(T) of the 3D Heisenberg model is
adaptive sampling algorithm for Heisenberg spin models wascurately described in the whole tempetatug the
developed by Alzate-Cardartaal’>® which uses Gaussian equation

sampling with a dynamically tunable width to achieve a

constant acceptance rate of 50%, which was found to be more <~ T

e cient at all temperatures compared to the previous m(T) = MS _i 19
approaches. In addition constrained Monte Carlo ods (19)

allow the determination of temperature dependent propertigéhereT is the temperaturE is the Curie temperature and
such as the ective exchange coupffit§®* and magnetic = 0.340+ 0.001 is the critical exponent. In 2D materials of
anisotrop¥® though such properties are so far unexplored innite size there is a crossover in the critical exponent between
2D VdW materials. the low temperature behavior and high temperature behavior,
Ising versus Heisenberg Descriptions of 2D Magnets.  where small quantitative eliences in thetting function and
At this point it is useful to discuss theetBnt Monte Carlo  the data appear. In our exampléiguire 78, tting to the low
methods that have been used to describe the magnetism of @phperature data up T T = 0.9 yields a critical exponent of
materials. Earlier works described the magnetism of=0.248a 0.0007 and a slight overestimation of the Curie
perpendicularly magnetized 2D magnets as Isifig-liee,  temperature, whiléting to the high temperature regift@ .
reference to the simple model solved by Ernstllaingjused > 0.9 yields an exponent of 0.212+ 0.028 and an accurate
as a prototypical model for magnetic ordering. However, thigtimate of the Curie temperature. We note that both of these
classication is unhelpful as the global quantization axis fagxponents are substantially lower than the exporehB4
atomic spins in the Ising model leads to three erroneousr the 3D Heisenberg model. Others have stated that critical
physical eects that do not apply to real systems. First, theaxponents such asare universal to particular classes of
global quantization axis leads to amite magnetic  modef’%*°*but more recent data presents a more complicated
anisotropy, preventing a coherent rotation of the system Byory. First, the critical exponent for the 2D Heisenberg model
an external magnetield, such as seen for hysteresisof Crl; with ab initioparameters is closer to 2.1 in the vicinity
measurements. Second, the existence of spin wavesofishe Curie temperature and sigantly dierent from the
completely forbidden as spins are only permitted to exisikponent for the 3D case. Second, the exponent in reality
along a quantization axis. Third, the removal witesimal depends on the dirent parameters in the Hamiltonian,
spin rotations leads to an anially at temperature depend- particularly the presence of sigant magnetic anisotropy and
ence of the magnetization at low temperatures, and dngher order exchange interactions. In particular a nearest
unrealistically high Curie temperature when consideringeighbor exchange and uniaxial anisotropy for the 2D
realistic exchange parameters calcalatedtiousing density  Heisenberg model yield an exponent=010.34, identical to
functional theory. While the Ising model has its place ithe case for the 3D Heisenberg model. At the time of writing
fundamental statistical physics, it is wholly inappropriate there is little work on critical exponents in pure 2D Heisenberg
model the temperature dependent properties of actual 28ystems, but this is likely to be an area of focus in the next few
magnetic materials. This has unfortunately led to thgears and critically important for determining where universal-
prediction of excessively large Curie temperatures in a numiitgrdoes and does not apply in 2D magnetic systems.
of studieg?!29294866 869 In Figure 7B, we show the simulated temperature
The 2D Heisenberg model, where spins are permitted tdependent magnetization using an Ising Monte Carlo model
orientate anywhere in 3D space but sites araembio two for the same parameters, showing an unrealistically large
dimensions, provides a much better prediction of magnefzedicted Curie temperature and essentatiiyemperature
ordering temperatures that closely match the experimentatlgpendent magnetization at low temperatures.t Toehe

C
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2D Heisenberg model data figure 7& is shown for eld causes the atomic moments to precess arouraldhe
comparison. As previously noted, both of the main featureswhere the frequency of precession is determined by the
the Ising model are physically unrealistic and such simulatiajmgomagnetic ratio of an electron=1.76x 10" T s b,

do not provide helpful comparisons to real 2D magnets, andasd is the microscopic Gilbert damping constant describing
such should no longer be used. Ta point to discuss is the the coupling to the heat b&fH. The e ective magnetic
disparity between experinsdlyt measured temperature (induction) eld is given by therst derivative of the spin
dependent magnetization curves and those obtained fromHamiltonian:

Heisenberg model, both in thfé@nd twa* dimensions. The

main characteristic feature of Heisenberg models is the linearg = § i1l + Bl

variation of the magnetization with temperatdre a6. This s 9 (22)

is a consequence of the classical nature of the Heisenberg

model, while the underlying heat bath responsible for spiihere s is the local spin moment and augmented by a
uctuations is quantum mechanical in n&tf?eA relatively ~ stochastic thermakld. In the LLG equation, the damping
simple adaptation of the Heisenberg model is able tterm  models the energy dissipation of the system,
reproduce the quantum nature of the heat bath observe@nsidering energy transfer to and from the lattice and
experimentally bytting the temperature dependent magnet-€lectron degrees of freedom. Formally the LLG equation does
ization to the CurieBloch equati(ﬁ’?4 which interpolates  Nnot include any description of temperature and is only valid at
between the Bloch law behavidF as 0 and Curie behavior 0 K, and so to include theeets of temperatureests, we use

asT Tg Langevin dynamit€. The e ect of temperature is introduced
by coupling the system to a heat bath in the form of a
5 uctuating thermaleld (B},) into the eective eld®’?
m(T) = BS g i described by
c (20)

i 2 kgT
where is the Bloch exponent determining the shape of the By, = (1) 2T
magnetization curve &s 0. The CurieBloch equation es (23)

accurately describes the temperature dependence of thﬁ . . o .
magnetization of 38 and 2[;1 magnets in the full Where (t) is a Gaussian distributed random number in three

temperature range, while retaining a natural link to the criticdiMensions andt is the integration time step. This formalism

behavior (with the same exponents) near the Curie tempefSSUMes a white noise approximation where the time

ature®® The classical limit is recovered for= 1. A correlation between the spinctuations induced by the
convenient phenomenological extension to Heisenberg modl§rmal eld must .be} shorter”_than the spin hmotlr?n. This

is through spin temperature rescaling, which allows the diréSUmption is juséd for metallic systems in that the time-
mapping of the classical Heisenberg model onto the Curie>c@l€ Of the electron heat bath is much faster than the spin
Bloch equatioff* as shown irFigure 76. The rescaling system. For insulators and semiconductors the validity of this

mimics the eects of the quantum heat bath by reducing thedssumption is less clear and further work is needed to assess

strength of thermalictuations at low temperatures and allowst€ noise correlations, for example through Isftice

for quantitatively accurate simulations of temperature deperq}fnamics fsimulatio‘f‘@: imulati h
ent properties and dynamics of 2D magnets that are directlyCodes for Atomistic Simulations. There are now a

comparable to experiment. The full nature of the heat bath isrﬁémber of standard software packages available for computing

complex question and other approaches may reveal tfnperature dependent magneti%7groperties using atomistic

H H 855 878
microscopic details and interactions that will enable a full[(f0d€ls Including/amPiRg™" uppASD™ ™™ spiRiT " and FiD-
ab initiodescription of the microscopic spip and spin vMAc®” which contain built-in and well-tested routines for

scattering proces&és. computing basic properties such as the Curie temperature, spin

Atomistic Spin Dynamics. Atomistic spin dynamics dynamics and hysteresis loopsef@nt codes also implement
(ASD) is a more recently developed framework for simula‘rirﬁergly minimization algorithms to determine energy barriers
the dynamics of localized magnetic spin motHEAtE’> d temperature dependent magnetic properties such as the
based on the atomistic Landaifshitz Gilbert equation € €ctive exchange coupling and anisotropy. Most of these
(LLG).5”* The LLG equation combines the quantum packages support parallel simulations using multiple CPUs and
: GPUs that enable much faster calculations than available from

mechanical precession atomic moments around an , . : , X
externally applied magnetield with a phenomenological typical serial codes, enabling much larger simulations of 2D

relaxation term that allows fro energy transfer from the splRatérials over much longer time scales more readily
system to the heat bath. Most studies of 2D magnets have nparable with experiment. . .

far focused on equilibrium properties computed using Monte =/€ctronic and Magnetic Structure. First-principles
Carlo Metropolis methods, but ASD enable an exciting class/gfthods of derent avors are the most common approaches

dynamical simulations that have a correspondence to the tinf@k the calculations of electronic and magnetic properties of 2D
dependent dynamics of matefidlsThe time-dependent magnets. In particular, the development of spin DFT over the

behavior d ibed by the LLG tion is qi b past two decades have allowed the fast exploration of spin-
ehavior described by the equation IS given by dependent properties. On the backbone of these approaches is

S < e the treatment of the underlying open-shell problem within
- S 1+ 2[8% Byt 3 B 21) nonrelativistic and the relativistic framew&"kadeed, the

development and improvement of DFT methods for open-shell

whereS is a unit vector describing the direction of atomic spir(e.g.unpaired electrons) materials is currently one of the most

momenti with an eective magnetield (By). The e ective important and challenging topics in theoretical chemistry/
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Figure 76. Slater-Pauling or volcano plot for 2D magnets. (a) High-throughput screening undertook over several crystal structures and
elements of the periodic table including formulas MX1X, MX 3, MPXs, MX,, and CrFTgwith M =Sc Zn, La, Y; X CI, Br,1; X O, S,
Se, Te; F Si, Ge. The simulations included mainly transition metals with 3d electrons, but some with 4d and 5d were included for
comparison. (b) Variation of the local magnetic mombif{t g) at the metal atom as function of its valeriéie ). Bader charge analysis was
used to extracZ for each metal atom at the compound. The solid lines showta the data set on two derent regimes according to the

lling of the valence. The positive slope (weak magnets) can be fairlytregllusingM* = 0.84  1.15 (with a linear regression coeient
R? = 0.96) and the negative (strong magnets) vith = 0.87Z + 9.27 (R% = 0.90). An electron counting argument can be used to explain
both regimes as discussed in the text. (c) Spin resolved density of states (DOS) for monolaygr(MRET¥, Cr, Mn, Fe, Co, Ni) as
function of the energy displaying the spin up density® (faint gray) and spin dowm"" (faint brown) at opposite sides. The energy is
shifted to the Fermi energy at zero. (d) Variation of the model predicted magnetization versus DBTcalculated magnetization for the
compounds showed in (a). Calculations were performed using the VASP*tudimg a 21x 21 x 1 k-sampling grid, the Dudarev (GGA
+U) schemé&“with HubbardU values following those in ré41 The energy cutois set to 600 eV, the convergence criteria for energy to
10 7 eV and for the forces to 0.01 eV/A. In order to avoid interactions between the layers, we applied periodic boundary conditions with a
vacuum space of 25 A. We used the projector augmented wave {PAwathods with a plane wave basis. The Voakilk Nusair
modi cation schent&®is applied for the spin-polarized calculations. All images in thise are original, and no permissions are required.

physics up to daté Several alternatives have been developeahaterials. In particular, for high-throughput screening inves-
that may overcome this limitati5n. tigations where thousands of systems are explored systemati-
2D magnetic materials are not immune to such problemsally through derent work-ows, it is paramount to use
which careful investigations are desired to address possilethods that provide reliable and prompt results even though
shortcomings. The majority of simulation results published sbey are not at high accuracy. For instance, this approach can
far have either undertaken vast amount of computations using used to nd materials with Curie temperatures at room
plain DFT functionalsi.é, linear density approach (LDA), temperature.
generalized gradient approach (GGAYj®® or used Another interesting problem is the organization of the
Hubbardyu approaches.€, DFT+U).>***%9A very few papers di erent 2D magnets that may be discovered or already exist in
have been published using approaches beyond eldean- terms of simple descriptors. One approach is to organize the
theory for magnetic layered materielg. Crl;, VSg) %" layers/iathe magnetic momekt and the valence cha#ef
with conclusions slightly drent from those by using standard the transition metal in a so-called Sl&auling curv&=%°3
DFT. On the current erts to develop a critical mass of This plot was successfully used in the past to study the
knowledge in a fast-paceld, DFT remains the low-cost magnetic properties of pure metals and alloy compaends (
choice for most of the research groups working on 2[Fe V, Co Cr, Fe Pt)®**since it provides a generic picture in
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terms of a simple electron counting argument as discussed ine \Mmode 9 93PF™*V 1+ 0. 20 R2 = 0.94 for MX (M =V,
the following. Moreover, in oth@lds such as in catalysis, the Mn, Fe, Co, Ni, Cu; X = CI, Br, ).
de nition of volcano plots dee species with high chemical model_ DFET+U _ _
activity for speot chemical reacti6i which in the context gu_ X_—OéglmBr N +0.27R¢=0.98 for MX(M =V
of magnetism would be translated in compounds with high AT R
magnetic moments. Indeed, by ushstrprinciple methods Mm%z 1. 0MPF™ + 0.02,R% = 0.98 for MPX(M =
(see caption iffigure 7dor details) we show that despite of V Ni; X =S, Se, Te)
the crystal structure, elements considered and chemical; is worth mentioning that although the Sld®auling
formula EFigure 78), the SlaterPauling curve holds for 2D ¢yrve provides a simple but yet powerful tool to interpret a
vdW magnetic material§iqure 76). The plot has two  road range of materials, the particular characteristics of each
behaviors which can be used to distinguish the 2D magnetsdimpound may imence its magnetic features. Such as
two classesia the position of the ascending (positive slope)ynether a more itinerant component is present in which an
and descending (negative slope) branches: atomic picture would be no longer valid. On that, additional
theory in terms of the Stoner mddei®® or more
sophisticated approaches would be redtired.
-+ strong magnet€ < ¢, descending branch Future Challenges and Outlook. The eld of 2D
magnets presents an exciting opportunity to probe magnetism
The positive (+) and negative)(slopes oM can be well  down to the atomic scale and over the coming years will

e weak magnet%% > C, ascending branch

tted by provide continuous challenges to our theoretical understanding
. < of magnetism. The ability abt-principles methods to make
M® = 084S 115 (24) guantitative predictions of the fundamental interactions in 2D
§ | magnets is a triumph of modern comPutationaI physics that
M® = S0.8Z+ 9.27 (25) will help to guide their future discovefy?4°” 8°° Despite
with a linear regression caent ofR = 0.96 and® = 0.90, this, many challenges still remain in developing a deeper
respectively. understanding of 2D magnets. At the electronicebuslfio

One of the main reasons for the twoerint gradients approaches often' rely on pseudopotgntials that must be
corresponds to the amount difing of thed-band following ~ carefully parametrized or include the right amount of core-

) . . states to ensure accurate results. vdW interactions that
the Hunds rst rule. The materials W'%% > 0 have their  yominate the interlayer magnetic properties present a

majority spin density of states (DOSY being lled particular diculty and more accurate approaches such as
successively with the change of the metal atom until it i&e inclusion of vdW parametrization on hybrid functionals
completely full. In this process the magnetization increasgfy assist in higher accuracy on the computation of magnetic
linearly with the additional charge reaching maximum values@bperties and exchange parameters. These ingredients are
M 4.5 gfor Mn-based 2D materialg(MnBp, MNPX (X critical in the search for high Curie temperature 2D magnets
=S, Se, Te), Mg). Oncen'Pis lled, the remaining electrons and predicting the properties of functionalized m&t&ridls

can only be added to minority spin stafé¥'leading to a  and heterostructuré®:>°* °%3 High-throughput calcula-
decrease df orc(’j—"éI < 0. A nonmagnetic state is obtained astions****¥** allow for rapid identtation of suitable 2D

the spin-down band is fully saturated. Thastecan be seen rr:aterlals for.derﬁnt appllcatlogs, whlli'mach]!nle learning may
systematically, for instance, in MRIVE= V, Cr, Mn, Fe, Co, &S0 assist in the automated searching of larger parameter
Ni) compounds as we computed the spin resolved Do&paces. One_of the_ most exciting aspects of 2D magnets is the
displayed irfrigure 76. The terms weak and strong magnetscros_sovler W'}h spintronics, prﬁwdmg mealms o prob_e a_nd
are dened in terms of thelling of the 3d-band as the latter manipulate electron spins at the nanoscale. Spintronics is a

represents those with a fiff, while the former corresponds rapidly developing area in its own right, but understanding the
to an emptyntown interactions of electrical currents and magnetic textures in 2D

We also noticed that some compounds may have substan terials is a signant challenge both fundamentally in terms
charge transfer between the 3d-states at the transition melSPin transport but also computationally in being able to
and the sp electrons provided by the chalcogens or hali del experimentally accessible time and length scales.

since the valenaeslightly shifted from the ideal valence for or elevated temperatures, the current atomistic approach

the 3tshell atom. This indicates that depending on the!S€d within the 2D Heisenberg model hasgﬁiiome basic
nonmagnetic ion forming the 2D compound the Iocarapproxmatlons assuming a fully classical hedt" kzatt

magnetization varies accordingly. However, by easings fully localized magnetic moments. While the latter approx-

and 25 we can still estimate with good accuracy relative tgnation SQ%ems to be reasonable for a broad class of current 2D
DFT+U calculations the value of the magnetization of an agnets;”it may be necessary to introduce longitudinal spin

material just using as an input parametéfigure 76). We uctuation® to better describe the itinerant character-

obtained an almost 1:1 comparison between model and DF—‘%I'%S of local moments. An outstla?d!nghproblem cofm;norr: to
+U simulationsNI™deL 0.8B5FTU + 0,302 = 0.93) when both 3D and 2D magnetic materials is the nature of the heat

we considered all computed materials. A better estimation w ﬁ;; tg‘:}gﬂ”}f;@;ﬁ&ﬂ Ssqntercr;lia}[?l%ncso?lg%(?‘[Iilgr\:VZIfeocrtreonnesrg)lla a
angular coecient roughly of 1 betweb°%®andMPF™ can P ' y play

; jtical role in mediating spilattice energy transfer and is
be extracted if the 2D magnets are separated by eafll 4 . ¢
corresponding families: reasonably well described by Langevin dyr&mibs.

N insulating systems the spin and lattice systems are directly
o MMode 0 9APFTV + 0,13 R2 = 0.98 for MX (M =V coupled, with recent developments allowing explicit treatment
Co; X=0, S, Se, Te). of coupled spin and lattice degrees of fredoSeveral
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Figure 77. Comparison of spin Hamiltonians used to model the magnetic propertiesof ¥ltwo most commonly used Hamiltonians in

the literature have been the Ising and the Heisenberg (XXZ) models which also includes magnetic anisotropy. The latter was used to
understand inelastic tunnelling spectra for MT3ghe former was initially assigned to Gtlbut its gross overestimation of the Curie
temperature relative to experimental data made it unrealistic to account for the interactions in the system. Overall, depending on the
property being measured, other alternatives have been considered: (i) for angle-dependent FM resonance med$bitbmétitagy

model with quadrupolequadrupole interactions and the Zeeman coupling was implemented,; (ii) for inelastic neutron scattering to extract
the magnon dispersion of bulk Gri**"*° the XXZ model either including DMI or adding biquadratic exchange with B\ave been
proposed; and (iii) for the magnetic domains and domain walls on, @lHamiltonian taking into account biquadratic exchange was
utilized®* Starting with image at top, and going clockwise, panels adapted with permission under a Creative Commons CC BY license from
refs795. Copyright 2020 Springer Nature. Adapted with permission froni4eCopyright 2018 AAAS. Adapted with permission from ref

745 Copyright 2020 American Physical Society. Reproduce with permission frat. i@bpyright 2021 John Wiley and Sons. Adapted

with permission from re¥46. Copyright 2018 AAAs.

popular vdW systems are either insulators or semiconductfugtapositions are rare in scientliscovery. It is undoubtedly
which present a particular challenge where the lattice aath exciting time in determining the fundamental nature of
electron degrees of freedom are likely to be important to theagnetic materials that will lay the foundations of pioneering
resulting spin dynamics. The other component is that all thetgchnologies into the future.

approaches are classical in nature, and neglect the quantum

nature of the heat bath and localized spiiiElliott Yafet) PERSPECTIVES AND A FORWARD-LOOKING
scattering event$’'° Spin temperature rescafings a =~ APPROACH

phenomenological approach that gives better ensembie |55t several years have seenighiadvances in both
agreement with experimental data, _but additional approachgg fundamental understargl and potential practical
founded in quantum thermodynamics are needed to bettgfplementations of 2D magnetic materials on device plat-
describe the nature of the heat bath in magnetic systems.forms. It is important to recognize that this rapid development
On that, additional developments are needed together witf science and engineering has been a driven by a focused
e cient computer implementations. e ort by many research groups around the world. The result
The next few years will be groundbreaking in evolving oyjas been aurry of science on the magnetism of atomically
understanding of magnetism at the 2D limit, where computehin layers currently culminating in the emergence of truly
tional methods will play a leading role in this endeavotransformational technologies with the potential tocsgtly
Experimental data will challenge theory and its underlyingter the landscape for data storage, information processing and
assumptions, while modeling can explore unexpected physipitronics. A forward-looking approach to identify challenges
and materials at low cost and high speed to guide experimetdspursue and problems to solve will serve as a guideline for
toward the cutting edge at dient forefronts. Such many scientists to enter the 2D world. In the following section,
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we have summarized some of the challenges discussed in ttigsintrinsic crystalline order aite temperature in graphene.
work that will help ensure fast progress ofetideof 2D vdW  Similar arguments also apply for the majority of atomic layered
magnetic materials. materials found so far in the Iiteraé&?eHowever, if
Fundamental Aspects. The description of 2D magnets additional ingredients could be present to induce long-range
using dierent spin Hamiltonians is clearly one of themagnetic order on 2D magnets without the need tbtlfigd
fundamental aspects to be addressed in the forthcomiiermin Wagner theorenige, the dependence on magnetic
years. Several models have been used to date to describeathisotropies, it would be certainly a step forward to
spin interactions of layered materials (see previous section wmanticipated fundamental physics and practical applications.
Theory and Simulatiofar additional details). We use Gis Indeed, recent theoretical reStfithave demonstrated that
an example of how érent spin Hamiltonians have been the applicability of the MermisWagner theorem is far more
implemented by dérent research groups to understand itslimited than initially predicted. That is, only for large length
properties Figure 7). The importance of such relies on the scalesi.e, near the diameter of the known univers&Q®
predictive power of unforeseen phenomena using an archetypg) 2D materials will display no net magnetic orderitat
spin model as well as understanding measured properties. tesnperatures. This indicates that for implementations in real
instance, the spin gap observed at the Dirac point in l:%ﬂk Crilevices within the typical micrometer range, 2D magnets with
has actively been modeled byedint Hamiltoniag*"* no anisotropy constants could be used. Experimental validation
without a more conclusive picture until very recently wittof these predictions would be a leap forward for the
more rened measurement§.This suggests that instrumental exploration of a broad range of compounds with isotropic
resolution is a key feature for measurements of the topologio@gnetic properties that potentially could be fabricated in 2D.
properties of vdW materials, which then provides high- Devices, Synthesis and Related Challengessome of
resolution data for modeling. It is also worth mentioning théhe main challenges are (i) tad 2D magnets with; at or
large variation of magnetic paramegegsexchange integrals, above room temperature, (ii) to develop large-scale synthesis
anisotropies, DM&td. observed on the theoretical side. DFT methods that are able to produce good quality atomic layers
of di erent varieties have been popular tools to computever large areas, (iii) rements in device fabrication and
them® However, most of the quantities important for integration in current technologies, and (iv) chemically stable
parametrizing spin Hamiltonians are at the limit of thematerials under environment conditions.
numerical libraries used to compile the software to carry outFor (i), a few materials have recently been found or
such tasks. That is, small variations on some input parametersdicted to hold magnetism at promising temperature ranges,
(e.g. k-sampling, energy cutdbasis set, pseudopotentials, e.g.300 850 K. For (ii), two successful examples obtained by
functionals, Hubbatd-value) on the codes may have large MBE growth®®* via MBE growth provide evidence that a
implications on the calculated quantities. This calls for a mopathway toward a bottom-up approach may be within reach in
careful analysis of the approaches used to extract magn#iie lab. Moreover, CVD is a popular method that has been
parameters for 2D magnets to ensure reproducibility angsed for years to synthesize nonmagnetic 2D materials. Recent
consistent data acrossedéent research groups. A successfutlemonstrations on the synthesis of magnetic layers suggest

case has been applied in other co hich provides  that similar developments in CVD growth amettuning of
ideas that could be applied toward the standardization gfowth parameters to control material properties will be a
modeling approaches. crucial enabling step. Regarding (iii), the fabrication of devices

Furthermore, an important underlying aspect to be studiedith low-resistance contacts using device geometries needs to
is the emergence of complex magnelitinduced spin  be developed for a broad usage of 2D magnets. Finally, for (iv),
textures such as skyrmions and merons in layered systeansapsulatioianonmagnetic materials@.hBN, polymers)
displaying high Curie temperatures includig@efe,”**°** as well as substrate supports can reduce fast oxidation and
FeGeTe, * or Co-doped E&eTe. The goal is to evaluate preserve pristine properties long enough for use in practical
their potential for applications in, for example, magnetiapplications. A critical development will be ia
skyrmions race track memotiés'® FeGeTe has already encapsulation materials that can simultaneously enhance
been growrvia MBE, while Co-doped f&eTe has shown  magnetic properties and preserve chemical stability while
Curie temperatures above room temperature, suggestibging compatible with device fabrication and processing.
intriguing prospects for the development of such memories.Magneto-Optics. A few challenges can be pointed out
Spin textures characterized by spin chirality were found such as the relation between the birefringectsand the
a ect the Berry phase of the charge carriers leading to a typaatal magnetization which is more challenging in 2D magnets
topological transport even at room temperature. Suctihan in their 3D counterparts (Sdagneto-Optical Phenom-
topological transport, emerging at relatively low magnetanasection). This calls for the combination of complementary

elds, can yield a sizable Nernst response that could bechniquesg.g.magneto-PL, for a full characterization of the
explored for thermoelectric applications. Initial results omagnetic features. Raman spectroscopy is also a reliable
heterostructures combining these compounds with topologidachnique for characterization of FM and AF samples.
insulators indicate a pronounced enhancement of their Curi¢owever, the rapid degradation of devices after a few days
temperature, suggesting a promising path to improve theif environmental exposure suggests that additional improve-
performance in similar applications. ments would be welcome. If sample conditions camelye

Another interesting challenge to be addressed is the practicahtrolled in optical environments, several phenomena can
validity of the famous Mermiwagner theoreth’® on vdw experimentally be probed. For instance, dynamic magnet-
materials. Even though the theorem has been one of tlimation processes can be induced by ultrafast laser excitations
cornerstones of theeld, past experience on grapHén® down to the 2D limit. It is unclear how atomically thin layers
has taught us the opposite. It is well accepted nowadays thahave on read and write operations at times required by the

nite size ripples.¢, structural distortions) help to stabilize industry. High-frequency signals within the terahertz (THz)
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regime is also one of the challenging issues irlthelhe may rule out the appearance of spin waves and obscure any
exibility and control of the magnetic properties of vdWopological behavior. Materials with spin-&/8.( -RuC})
materials which can be metbally manipulated with would be avoided since they display large quantum
monolayer accuracy provide a horizon for device developdctuations.
ments. Indeed, thefth-generation of common wireless The hunt for topologically nontrivial spin textures in 2D
communication systems operates in frequencies on the oraeagnetsd.g.skyrmions, merons, domain-walls, spgitg)lss
of hundreds of GHz up toward T#ZTherefore, magnetic also attracting substantial interest from both fundamental and
components for wireless networks would have to be adaptedaoplied directions-{gure 7R For the former, the stabilization
a high-frequency domain. Investigations on 2D magnets that
would result in compact, kaissipation, low-cost THz
spintronic devices may change our perspectives on information
and communication technologies.

Imaging Approaches. In terms of techniques, two
popular methods, MOKE and MCD, exuof considerable
signal-to-noise ratio. The signal level from vdW magnets
typically results in low detection signal within the range of
10 % 10 % (Magnetic Imagingection). The application of
high magneticelds on thin layers is also challenging due to
interferences between the magnetic induction of the sample
and stray elds which ramp up detection. Furthermore, SP-
STM and MFM may need to be adapted to measure spin
signals from magnetic insulating matehéds{etic Imaging
section). In terms of analysis, the image reconstruction for
techniques that probe stragld maps €.g. NV _magneto-
metry) seems the one that stands out the most. A better
description of algorithms that may take into accoieredt
components of the magneteld in order to produce real-
space magnetization images is worth exploring. A comparison
with atomistic simulations helps to give hints about the sample
magnetic structure. However, the dependence of dttay
with the tip sample region puts limitations on the technique
resolution and exploration of monmge features, such as
domain walls or spin-textures (8kegnetic Imagingection).

Mechanical and Thermal Properties. The interplay
between. softness and magnetic properties still prOV]dESFlf;l re 78. Merons and antimerons on 2D magnet GrCd)
substantial challenge on the me_asurements of mechanical ﬂﬁ‘itic view of the presence of topologically nontrivial spin
thermal features based conventional techniques such as Ugtiiparticles merons and antimerons on monolayer £fEThe
AFM to indent suspended 2D magnets $gee Excitations g erent colors follow the orientation of the spins throughout the
and Topological Propertsection). Improving sample quality |ayer. (b, c) Local views of antimerons and merons, respectively,
is a critical step in this goal since the presence of defects, graiith their local spin congurations at Cr atoms.
boundaries, and chemical stability atathe properties. In
addition, there is much room for exploration of magnetoef spin quasiparticles in strongly oeal layers may provide
mechanical phenomena that are largely unknown in 2fhe necessary platform for studying underlying interactions
magnets. A number of opportunities in terms of (i) strainwithout disturbance from underlying substrates, such as in
induced magnetic phases, (i) coupling between heat anérms of two-bodyK(S-S)?, three-bodyK;(S-S)(S-S))
magnetismvia mechanical propertieg.q§. magnetocaloric  and four-body coupling term&§{(S-S)(S.S)), which may
e ect), and (iii) development of magnetic actuators andesult in magnetic frustration, topological phases with anyonic
sensors. Indeed, central quantities in heat management sucbxastation$?“and dynamics of rare quasiparti¢clés>These
the thermal conductivity and expansion cieats are yet to  phenomena can be studied at a level not yet achieved in more
be determined. These ingredients are critical in miniaturizegassical compounds. Furthermore, chiral magnetic interactions
modern devices where magnetic layers may be integrated &egond DMI may lead to exotic noncollinear spin texiees (
have an active role. In these applications, how epia may  hedgehog, monopole) as recently predictédinformation
in uence phononic thermal transport and what type of SO€an be stored in such spin-polarized structures, it may also be
may be present on @rent materials and interfaces are topicscontrolled in racetrack platfornishrough electrical stimulus.
of increasing interest. The di culties ahead would be tod vdW materials with

Spin Excitations and Topological Features.After the such characteristics where high velocities for the spin
measurements of spin excitations og'€f*"*°and their ~ quasiparticle at low currents and when negligible pinning or
implications on topological magnons on 2D vdW magnetidecoherence ects are present. In this context, high-
layers, several possibilities from a broad family of materials gm®ughput screenin% using multiscale complementary the-
potential candidates for exploration (Be¢erostructures, oretical techniqu&s?*°?° will be crucial.
Twisted Layers, and Interfagegtion). Several diulties Spintronics. Devices based on spin will be a key area for
need to be overcome, for example, quantataations inlow 2D vdW magnets particularly in the transition from
dimensional magnets are particularly concerning since thiemmdamental research to applications. Several challenges have
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