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ABSTRACT: Magnetism in two-dimensional (2D) van der
Waals (vdW) materials has recently emerged as one of the most
promising areas in condensed matter research, with many
exciting emerging properties and significant potential for
applications ranging from topological magnonics to low-power
spintronics, quantum computing, and optical communications.
In the brief time after their discovery, 2D magnets have
blossomed into a rich area for investigation, where fundamental
concepts in magnetism are challenged by the behavior of spins
that can develop at the single layer limit. However, much effort
is still needed in multiple fronts before 2D magnets can be
routinely used for practical implementations. In this comprehensive review, prominent authors with expertise in
complementary fields of 2D magnetism (i.e., synthesis, device engineering, magneto-optics, imaging, transport, mechanics,
spin excitations, and theory and simulations) have joined together to provide a genome of current knowledge and a guideline
for future developments in 2D magnetic materials research.
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intense and extensive research efforts around the world

for the better of the past two decades, starting from
the discovery of graphene and then rapidly expanding to an
enormous variety of materials and properties. One of the most
exciting recent developments in 2D materials has been the
discovery of intrinsic long-range magnetic order in atomically
thin layers. In Figure 1, we provide a timeline of the major
discoveries in 2D magnets over the past few years. In a fairly
short period of time, there have been significant advances in
our knowledge of magnetic 2D materials, detailed character-
ization of magnetic states, and progress toward magnetic and
spintronic devices with exceptional performance.

The purpose of this review is to assemble a thorough
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

T wo-dimensional (2D) materials have been the focus of
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many key researchers in this exciting emerging field to
summarize their most critical findings to date and to lay out
the important upcoming challenges.

This review article is divided into the following sections:

e Historical perspective: An overview of low-dimensional
materials, models of how magnetic moments interact,
and summary of key recent discoveries and develop-
ments in 2D magnets.

Received: October 15, 2021
Accepted: February 23, 2022
Published: April 20, 2022

https://doi.org/10.1021/acsnano.1c09150
ACS Nano 2022, 16, 6960—7079


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing+Hua+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amilcar+Bedoya-Pinto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Blei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Avalon+H.+Dismukes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Assaf+Hamo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Jenkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maciej+Koperski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maciej+Koperski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi-Chao+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evan+J.+Telford"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyun+Ho+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mathias+Augustin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Uri+Vool"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia-Xin+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia-Xin+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lu+Hua+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexey+Falin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cory+R.+Dean"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fe%CC%80lix+Casanova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+F.+L.+Evans"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mairbek+Chshiev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mairbek+Chshiev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Artem+Mishchenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cedomir+Petrovic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liuyan+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+W.+Tsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brian+D.+Gerardot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brian+D.+Gerardot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mauro+Brotons-Gisbert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zurab+Guguchia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xavier+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sefaattin+Tongay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziwei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Zahid+Hasan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Zahid+Hasan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joerg+Wrachtrup"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amir+Yacoby"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+Fert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stuart+Parkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kostya+S.+Novoselov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengcheng+Dai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengcheng+Dai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luis+Balicas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elton+J.+G.+Santos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.1c09150&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09150?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09150?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09150?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09150?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/16/5?ref=pdf
https://pubs.acs.org/toc/ancac3/16/5?ref=pdf
https://pubs.acs.org/toc/ancac3/16/5?ref=pdf
https://pubs.acs.org/toc/ancac3/16/5?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.1c09150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Nano Wwww.acsnano.org

[/ ® Ferromagnetism found Yok ® Mechanical driving forces R ® Twisted magnetic layers Y
; in 2D Cr|3 and CrzGezTee : oo [ — 35K

1 1 ogz| — 27K o

: = B=0075T 1/' : 8 0.00 :2; =

! ’f & s //" . = o fﬁ?,ﬂ

; 4 ¥ s .; : e = X

: e f/! : Bum -2 -1 0 1 2

w of M e Y . 2

! F | e Stacking-dependent magnetism

| 6 ‘ 12345 Buik i ‘ 2L A\m" (L:‘Mvu‘.‘ N

: : . Nun\l.:nrullayag : ]‘ e % i 2 4

} ¢ Spin lattice coupling S !

! 100 L

1 i &

| i 2pm L

: 5 10 4 : : _ % -

I = P! —_ 1 ©

! e 3 2 ® Giant SHG v {\r {) e 2D magnons
! 3 g { e X E{ on Crl,

: o 5 0 15 20 25 4 ‘~ £ o = \é y i

Y TiK) i s T g

e Monolayer MPX; (M=Fe, Mn, e w Electric control of 2D magnetism
Ni, Cd; X= 8, Se), CrSiTe; | 2

04 F 2 07 (polarized undor 1 T) - 50

are isolated IR E ==
- i Cw
§ 0.0 e —— i~ - | g
B E
-2 S 2
WAL 0
02 00 02 04 o6 o8 1t
Evnm™) 0.4

® Giant magnetoresistance in vdWHs

AMy 10! 10%

20000 ——12571]

+13V
8y
oV
-av
-13v

B(Mm

® Tunneling in monolayer MnPS;

FFT ampltudo (a.u.)

ooal o oraiager i ® 2D magnets near room temperature ;
+ Trilayer 1 50T <1 ML unse, :
T 1 o Gase baselayer s .
3 ! ic A
H i £5 g !
g | &Zo °F !
£ ! 5 E: i
; 5t 5 !
=" 1

1 -5
e ; s0) 300K ol :

1

4 -1.0 0.5 0.0 0.5 1.0 - -5.0 25 0.0 25 5.0 PR 0 50 100 150 200 7
. Veltage [V] ” N H (kOe) A Vg . _ . Froquency (GHz) _ T

Figure 1. Timeline of developments in 2D magnets. Since early 2016, a few results on monolayer phosphides MPX; (M = Fe, Mn, Ni, Cd; X
=S, Se)"” and CrSiTe,;’ appeared in the literature, with results on electron tunneling in MnPS; also being reported.* The conclusive
measurements in 2017 of magnetism on Crl;* and Cr,Ge,Te,® sparked an increasing interest in several subjects involving magnetism in 2D.
Results on spin—lattice coupling collected from CrCl,” also provided different mechanisms involving vibrations and spins in 2D. In 2018,
the electric control of magnetism,® ' giant magnetoresistance,">™'° and a potential 2D magnet (i.e., VSe,) displaying room-temperature
magnetism'”~"? attracted substantial interest in the community. In 2019, experimental evidence of stacking-dependent magnetic
properties,”*”" pressure effects,”>>* and giant second-harmonic generation (SHG)>* drove the field toward intriguing magnetic properties.
In 2020, spin-textures”> >’ such as skyrmions, spirals, and spin-waves® indicate that topologically nontrivial spins are a reality on 2D
magnets. In 2021, a few reports on twisted magnetic layers,””*" together with the hybrid character of narrow domain-walls*' on Crl,, raised
possibilities for the angular control of magnetic features and domain-wall based applications (i.e., racetrack). All images adapted from the
references cited above with permission as follows. Panels from (2016) reprinted with permission from ref 32, copyright 2016 American
Chemical Society; ref 3, copyright 2016 Royal Society of Chemistry; ref 1, copyright 2016 American Chemical Society; and ref 4, copyright
2016 AIP Publishing and reprinted with permission under a Creative Commons Attribution (CC BY) license. Panels from (2017) reprinted
with permission from ref 5, copyright 2017 Springer Nature; ref 6, copyright 2017 Springer Nature; and ref 7, copyright 2017 American
Physical Society. Panels from (2018) reprinted with permission from ref 8, copyright 2018 Springer Nature; ref 9, copyright 2018 Springer
Nature; ref 13, copyright 2018 AAAS; with permission under a Creative Commons CC by 4.0 license from ref 15, copyright 2018 Springer
Nature; and ref 17, copyright 2018 American Chemical Society. Panels from (2019) reprinted with permission from ref 22, copyright 2019
Springer Nature; ref 23, copyright 2019 Springer Nature; ref 20, copyright 2019 AAAS; ref 21, copyright 2019 AAAS; and ref 24, copyright
2019 Springer Nature. Panels from (2020) reprinted with permission from ref 25, copyright 2020 American Chemical Society; and ref 28,
copyright 2020 Springer Nature. Panels from (2021) reprinted with permission from ref 29, copyright 2021 Springer Nature; ref 30,
copyright 2021 Springer Nature; and ref 31, copyright 2021 John Wiley and Sons.
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Device engineering: The main types of magnetic devices,
e.g., magnetic tunnel junctions (MT]Js), magnetoresistant
lateral transport devices, and spin waves in tunnelling
devices.

Magneto-optical phenomena: Characterization and
study of 2D magnets by several magneto-optical
spectroscopy methods including Kerr effect, circular
dichroism, magneto-photoluminescence (PL), and mag-
neto-Raman spectroscopy which can reveal spin-phonon
effects.

Magnetic imaging: Magnetic force microscopy (MFM),
nitrogen-vacancy center magnetometry (NV-center),
nanosuperconducting quantum interference device
(nanoSQUID), spin-polarized scanning transmission
microscopy (SP-STM), and Lorentz transmission
electron microscopy (Lorentz TEM or LTEM) are
used to image magnetic domain features in 2D magnets.
Magnetic and electrical transport characterization:
Magnetic critical behavior, magnetocaloric effect, mag-
netism in bulk and thin-layer vdW magnets of different
electronic properties (i.e, insulator, metallic, semi-
conductor) via different techniques.

The role of defects and vacancies: Muon spin rotation
( SR) methods are used to investigate microscopic
magnetic properties in the presence of defects.
Spintronics from fundamentals to devices: Basic
magnetic properties of typical 2D magnets are described,
followed by spintronic implementations and memory
devices.

Magnetic-topological phases: Topological materials and
transition-metal-based kagome lattice family of materials
exhibit ferromagnetism and anomalous magnetization
effects.

Synthesis and sample preparation: Methods of preparing
samples of 2D magnets by top-down and bottom-up
methods.

Mechanical properties and strain engineering: Descrip-
tion of mechanical properties 2D magnets, along with
theoretical predictions, and how strain can induce
further magnetic properties.

Spin excitations, topological properties: Measurement of
collective excitations of electron spin states by neutron
scattering, inelastic electron tunneling spectroscopy, and
Raman spectroscopy.

Heterostructures, twisted layers, and interfaces: Stacking
different 2D magnets together, generating exotic
quantum phases, and how to integrate 2D magnets
into broader device architectures.

Theory and simulations: Description of the underling
theory, computational method and spin models to
investigate 2D magnetic materials.

Perspectives and a forward-looking approach: The final
key section is an overview of the major challenges and
opportunities in the field and what we can expect
research directions to focus on in the coming few years.

HISTORICAL PERSPECTIVE

Since the 1970s, low-dimensional (low-d) physics has grown
and matured into a major branch of science. In general, one
can define a system with restricted dimensionality d as an
object that is infinite only in one or two spatial directions (d =
1 and 2). Such a definition comprises, for example, isolated
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single chains or layers, in addition to fibers and thin layers
(films) of varying but finite thicknesses. A multitude of
physical phenomena, notably in solid-state physics, fall into the
category of a low-d system. The study of such systems
substantially advanced our fundamental knowledge of physics,
but also led to relevant technological applications. No matter
how widely different the many low-d physical systems may
appear at first glance, there are several similarities and
characteristics that they all share, which are inherent to their
reduced dimensionality. It is for this very reason that one may
consider low-d physics as a recognizable field of science on its
own right. Within this larger field, the sub-branch of low-d
magnetism played a quite important role from the outset. For
example, theoretical work on magnetic chains and layers
started as early as the twenties with the Ising chain,” followed
by studies of 2-d Ising magnets in the 1930s and 1940s.”*
Systematic experimental studies on quasi low-d magnetic
systems started in the 1940s and 1950s, but ultrathin magnetic
films composed of just a few monolayers were studied in more
recent past. These systems should be contrasted with the
magnetic films used in thin-film technology, which have
thicknesses ranging from 10° to 10* atomic layers.

Perhaps, one of the most important contributions of low-d
magnetism to fundamental physics is in the subject of phase
transitions and critical phenomena. The way in which
cooperative phenomena are influenced by the crystal
dimensionality, the symmetry of the interactions in the
Hamiltonian, or the quantum-mechanical nature of the spin,
led to such important concepts such as scaling, universality
classes (models having the same set of critical exponents), and
the renormalization group.” This general theory of critical
phenomena based upon the principles of quantum-field theory
led to the Nobel prize granted to K. G. Wilson and is
considered as a great advance in mathematical physics.”> Phase
transitions are a very common phenomena that have a wide
range of applicability, which explains the past interest in the
study of low-d magnets. Most physical problems involving
interacting elements that form a spatial array can be mapped
into a magnetic language by describing the problem within a
pseudospin formalism (e.g, structural or electric phase
transitions).

Another unifying concept emerging from low-d magnetism is
that of nonlinear excitations or domain walls such as solitons
or kinks; excitations that can either be static (and topological)
or dynamic. These occur when the ground state of the system
is degenerate, as is the case for an Ising ferromagnet where the
spin-up and -down ground states are distinct but have the same
energy. Here, low-d magnets provided some of the simplest
experimental systems to study these physical phenomena
having very broad applicability. For instance, the absence of
long-range magnetic order in an Ising ferromagnetic (FM)
chain becomes immediately clear when one realizes that this
system is unstable with respect to thermal excitations such as
kinks, which are an effective means of destroying long-range
correlations. For d ~ 2 the analogue of the kink in Ising
systems is the boundary around a droplet created, for example,
by a fraction of up spins in a background sea of down spins. In
summary, low-d magnetism has been characterized by a long-
standing, strong interaction between theory and experiments,
with both developing in parallel but with a continuous cross
fertilization.

Historical Models of Interacting Magnetic Moments.
The Ising Model. The Ising model corresponds to an ideal

https://doi.org/10.1021/acsnano.1c09150
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Figure 2. Role of spin dimensionality n on the 3D-axis. (a) n = 1; 1D Ising type, where spins point in either up or down along a given
direction (e.g., easy axis). (b) n = 2; 2D XY type, where spins are constrained to a given plane (easy-plane anisotropy) without any restriction
on which plane (e.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 lattice
sites. For each elementary moment, or spin, only two states are
possible (spin “up” and “down”). The lattice site r is associated
with a variable , whose two values +1 corresponding to both
spin orientations. The Hamiltonian:

H{ }= v r),r by

nr r

1

is attributed to a fixed configuration of spins { }. Usually, only
the nearest-neighbor interaction is considered, or J(r) = 0 for
all r # a;, where the a;'s are the basic vectors of a lattice. This is
the simplest model for a highly anisotropic magnet. The J(r)
are the exchange integrals and h is the magnetic field (in units
of g p). In the simplest scenario, the nonzero quantities J(r)
are assumed to be independent of the direction of r. For h = 0,
the Hamiltonian is invariant with respect to a change in the
sign of the spins. This transformation together with its
identical one forms the symmetry group Z, for the Ising model.
The Ising model was proposed by Lenz® but Ising®
presented the exact calculation of the partition function for
the 1 — d case. A great success was achieved by Onsager,”
who calculated the partition function for the 2 — d case.
Onsager demonstrated the existence of the second-order phase
transition, and this stimulated intense subsequent theoretical
and experimental investigations on critical phenomena.

The XY Model. Magnets with an easy plane of magnetic
anisotropy can be described by the XY model which
corresponds to a lattice of classical spins rotating in a plane
and interacting with each other via the Hamiltonian:

H S%cos( () (r))

)

The spins are fixed with respect to their angles of rotation

(7). Their value S is assumed to be constant. The summation
in eq 2 proceeds over the nearest-neighbor sites of the lattice. |
is the exchange constant. The ground state is FM for ] > 0 on
an arbitrary lattice. In the opposite case ] < 0, the ground state
is antiferromagnetic (AF) if the lattice can be decomposed into
two sublattices with the nearest-neighbor spins belonging to
each sub-lattice. In the case of the triangular lattice with J < 0
the ground state consists of three sublattices with the spins in
the different sublattices tilted at angles of +120°. An external
magnetic field fixes the orientation of the spins in ferromagnets
and in antiferromagnets with two sublattices. In the last
scenario, the spins are directed almost perpendicularly to the

rr
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field direction. In the case of a three-sublattice antiferromag-
net, the external magnetic field does not interfere with the
freedom of spin rotation inherent to the ground state. The
simplest excitations of a planar magnet, as described through
the XY model, are spin-waves with a gapless spectrum,
according to the Goldstone theorem. The static aspect of the
Goldstone theorem implies an enhancement of the spin
fluctuations at long wavelength, and this enhancement is
precisely the starting point in the proof of the Landau-Peierls
theorem®”*® stating that there is no long-range order in 2-d
systems having a continuous symmetry. As discussed below, a
rigorous proof for this theorem was given by Hohenberg®” for
superfluids which have the same symmetry as a planar magnet,
and by Mermin and Wagner’ for Heisenberg magnets. These
proofs are based on the thermodynamic inequalities proposed
by Bogolyubov."'

The Heisenberg Model. In the subsequent text, the symbol
“d” is used for the dimensionality of the magnetic lattice, d = 1,
2, 3, corresponding to magnetic chains, magnetic layers, and
three-dimensional (3D) arrays of magnetic moments,
respectively. These three classes of magnetic systems may be
further subdivided according to the type of magnetic
interactions assumed to exist between the spins. If one restricts
oneself only to interactions between nearest neighbors, one can
write a generalized Heisenberg Hamiltonian that captures the
essence of the several other historical models discussed below:

H= 2 1S,8+188 + 1SS, D

i<j i

g2
3)

where the Js are the exchange couplings between spins S; and S;
on neighboring sites (with either FM, i.e, ] > 0, or AF, ] < 0,
order), while J, and D can, for a 2d system, be considered as
the “on-site” and the “inter-site” magnetic anisotropies,
respectively. In addition, depending on the number n of
components (x, y, z) of the individual spins that are being
considered, one has a one, two, or three component spin
system. n is the spin-dimensionality (Figure 2), not to be
confused with the lattice-dimensionality d. For a given n(>1),
and for D = 0, one may in addition vary the number of
interacting spin components by considering different combi-
nations of J,, J,, and J; as illustrated in Table 1.

This Hamiltonian can be further generalized by adding
terms that describe exchange couplings with second, third, and
more neighbors. The spin itself can also be varied by including
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Table 1. Classification of model systems based on single-
neighbor Heisenberg Hamiltonian including inter-site

Table 4. Comparison among the theoretical values for the
critical exponents , , , ,and according to the different

magnetic anisotropy” models
Spin dimensionality Interactions Model Critical Mean di=13 di=22
exponents field = 1l =22 n=3 = il
n=3 Jo=T, =T, Isotropic Heisenberg o 0 1/8 0 ~ —(0.08 0
S48+ =5(E+1) Iy =By, =0 XY 3 1/2 | 03265 0348 0.369 1/8
Jo=Jy =01 #0 _ z 5 1 1.237 1,318 1.396 7/4
Jo FE I, # J, Anisotropic Heisenberg 5 3 4.789 4.787 4783 15
"o e Planar v 1/2 0.63 0.672 0.711 1
Je=0,J,#0 Planar Ising
n=1 J.#0 Ising derived (see Magnetic Critical Behavior section for additional
S =8(S+1) discussion ). ##>#74849

“Adapted with permission from ref 42. Copyright 1990 Springer.

quantum mechanical operators (S = 1/2, 1, 3/2, efc.) or
classical spins (S = o).

Table 2 below conveys how past theoretical and
experimental investigations on phase transitions revealed how

Table 2. Either the absence (X) or the presence (checkmark
symbol) of a phase-transition towards conventional long-
range order at finite temperatures in model Hamiltonians®

Model d=1 d=2 d=3
Ising X v v
D X Xy v
Heisenberg X X v

“The simultaneous presence of both symbols in the 2d-XY model
indicates the presence of quasi-long-range order characterized by a
correlation function that falls off as power law below T = Ty
Adapted with permission from ref 42. Copyright 1990 Springer.

the lattice-dimensionality d and the spin-dimensionality n
influence the critical behavior of many-body systems.

For systems displaying long-range order, mean-field (MF)
theory becomes inadequate around the critical point; it cannot
accurately describe the critical behavior, or the singularities
occurring in the thermodynamic functions at the critical
temperature T.. The body of past experimental and theoretical
studies established that in most cases the critical behavior of a
thermodynamic function f(t) follows a power law in the
reduced temperature ¢, where t=1—T./Tfor T> T.and t =1
— T/T, for T < T,. The critical exponents appearing in those
power laws are defined as in Table 3.*

The value of the critical exponents numerically extracted
from the different models is displayed in Table 4.

These critical exponents follow scaling relations such as  +
2 + =20 = ( —1),or2 + =d ,implying that only
two of the exponents are independent, so that from the
knowledge of two arbitrary indices, all the others can be

Table 3. Definition of the critical exponents associated to
specific thermodynamic or physical variables”

Specific heat Tt T—TF
Cloc T~ P
Magnetic susceptibility o i =T
x oI o 3
Spontaneous magnetization M oc TP = I
M(T,)  |B|s
Coherence length S |t

“Adapted with permission from ref 42. Copyright 1990 Springer.
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Table S. Critical temperature T, for the different models”

Model .
Mean field S(S+ 1)z + (z2/(zJL))/])/3kp ref.®
d=3
n=1 TEP(1 + C(Jp/J)T) ref.®®
n=2 Txr + C|7|/[In(.7/ J.)]? ref.*?
=8 C|J|/ In([J/JL]) refs. 849
@ =7
o= 1l 2J/[kg In(1 + +/2)] ref.*

“where C is a numerical coefficient, S is the spin on each site, and z
and z; are the intra- and interlayer coordination numbers. Assuming
in the 3D case a layered structure with IJ;/JI< 1, where J and J; are
the intralayer and the interlayer exchange couplings, respectively. In
the case of the 2D Ising model (d = 2, n = 1), the reported expression
refers to a square lattice.

Magnetic Critical Behavior. Critical Exponents and
Magnetic Equation of State. We start with descriptions of
several standard critical exponents, and we sketch the
phenomenological scaling theory of critical behavior.”’™>
Let us consider a ferromagnet in equilibrium at temperature T
and in uniform magnetic field H. We use the reduced
temperature variable = (T — T.)/T,, where T, is the critical
temperature. We are interested in properties as O with H =
0. Near phase transition, magnetic systems are characterized by
power law behavior sufficiently close to the critical point.
Specific heat Cy the spontaneous magnetization M,, and the
inverse initial magnetic susceptibility 1 as well as the
correlation length  can be described by C,(T) « (- ),
M(D) (=), ,(T) Mo HY  and «
= (T — T.)/T. is the reduced temperature.”* Another exponent

describes the spatial decay of the correlation function at
criticality T'(r) o r~427, where d denotes the spatial
dimensionality of the system.”® As described above, the
exponents , , , , ,and are called critical exponents.
The phenomenological scaling theory predicts that the critical
exponents are connected by the scaling laws +2 + =2

~, where

(Rushbrooke), = (2 — ) (Fisher), = ( —1) (Widom),
2 — = d (Josephson),and A = = + (A is the gap
exponent).”>”°" The existence of long-range magnetic order at

finite temperature in 2D vdW magnets heavily depends on the
spin dimensionality n (n = 1, uniaxial or Ising spins; n = 2, XY
or planar spins; n = 3, ordinary or Heisenberg spins; Figure 2)
and on the strength of magnetic anisotropy. The long-range
magnetic order in ideal Heisenberg 2D magnetic system is
prevented by thermal fluctuations based on Mermin-Wagner
theorem.”” The presence of strong uniaxial anisotropy of 2D
Ising type with n 1 can open a gap in the spin-wave
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spectrum, thus suppressing the effect of thermal fluctuations.”

When n = 2 with an easy-plane anisotropy, a quasi-long-range
topological magnetic order could be established below the
Berezinskii—Kosterlitz—Thouless transition (Ty) that is
characterized by an algebraic decay of spin correlations and
by the presence of bound pairs of vortex and antivortex
arrangement of spins.”>"®* Critical exponents for different
theoretical models in 2D and 3D are listed in Table 4.*¢>¢%

Besides a number of relations between critical exponents,
scaling finds specific predictions on the magnetic equation of
state: M(H, ) fo(H/ *). By using the scaled magnet-
ization m = ~ M(H, )and field h = ~(*)H, the magnetic
equation of state takes the familiar form m = f, (h), where f, for
T> T, and f_for T < T, respectively, are the regular functions.
This relates M, H, and T, and it also implies that for the true
scaling relations and for the right choice of , , and values,
scaled m and h will fall on universal curves above T, and below
T, respectively. Another commonly used form of the magnetic
equation of state is H/M = k( /H" ), where k(x) is the
scalin/% function. The scaled critical isotherms, MH™Y versus

HVO) , will collapse into a single curve, and the T, is located

at the zero point of the horizontal axis.

Modi ed Arrott Plot, Kouvel—Fisher Plot, and Critical
Isotherm. In the modified Arrot plot M versus (H/M)"
based on the Arrot—Noaks equation of state®”

(H/M)Y =a +bm"

the M(H, T) data taken in the critical region should fall on a
set of parallel straight-line isotherms with the one at T = T,
passing through origin for a proper choice of the exponents

and .Values =0.5and = 1.0 describe the Arrot plot in the
mean-field approximation.®® Critical temperature can be

determined accurately since the isotherm at T, will pass

through the origin. Moreover, this plot directly gives Ym

and M,(T) as the intercepts on the H/M axis and positive M*
axis, respectively. It is also applicable to estimate the order of
magnetic transition through the slope of the straight line based
on Banerjee’s criterion.”” First- (second-) order phase
transition corresponds to a negative (positive) slope.

Once M,(T) and Ol(T) have been obtained by the

modified Arrott plot, critical exponents , , and T, can be
determined by the Kouvel—Fisher analytical method with
relatively high accuracy: Y(T) = M(T)/[dM,(T)/dT] = (T —
T,)/ and X(T) = ,NT)/[d,"(T)/dT1=(T T)/ 7°
The plots of Y(T) and X(T) against T are straight lines with
slopes 1/ and 1/, respectively. The most important
advantage of the Kouvel—Fisher plot is that no prior
knowledge of T, is needed, as the intercept on the T-axis is
at T.. Both Y(T) versus T and X(T) versus T plots should yield
the same value of T, which can be used for a precise
determination of the exponents.

An ijterative method can be used to obtain the most accurate
values of , ,and T.”" The linear extrapolation from the high
field region to the intercepts with the axis M"/ and (H/M)"
in the modified Arrott plot yields reliable values of M,(T) and

0 1(T). A set of

Kouvel—Fisher analytical method. The values of these
exponents are then used to reconstruct the modified Arrott
plot. Intercepts on the axes lead to an additional set of M,(T)
and Y(T) from which

iteration procedure is continued until

and  can be obtained by using the

and  values are derived. This

and are stable and
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unaltered by increasing number of iterations. Such refining
process converges very rapidly from a proper initial model and
yields the accurate exponent values and . Another exponent

can be determined from the critical isotherm analysis (M
HY at T = T,) and the Widom scaling relation =1+ / .

Absence of Magnetic Order in 2D: The Hohenberg,
Mermin, and Wagner Theorem. Hohenberg published over
50 years ago a rigorous proof for the nonexistence of long-
range order in a 2D superfluid or superconductor at finite
temperatures.” This proof was quickly extended by Mermin
and Wagner to the Heisenberg Hamiltonian, in one and two
dimensions for a Heisenberg ferromagnet (or antiferromagnet)
with SU(2) symmetry, or a magnetic system with U(1)
symmetry and an order parameter perpendicular to the
symmetry axis.’” Soon thereafter, Mermin would prove the
absence of translational long-range order in a two-dimensional
(2D) crystal, whether in quantum or classical mechanics.”
Nevertheless, after the work by Berezinskii,”> Kosterlitz and
Thouless,”"”* and Nelson and Kosterlitz,”* we now know that
in two dimensions there will be a sharp transition temperature
at a certain Txp, where for T > Ty the associated correlation
function will fall off exponentially with the distance. For T <
Ty the correlation function is expected to fall off as a power
law, leading to what is commonly called as quasi-long-range
order, with an exponent > 3. In contrast, for the Heisenberg
model, the order-parameter correlation function decays
exponentially with the distance at any nonzero temperature,
and therefore there would be no phase transitions at finite
temperatures.76 Nevertheless, the Hohenberg, Mermin, and
Wagner (HMW) theorem sheds no light on whether quasi-
long-range order can exist in any particular system. Hohenberg
did note however that his theorem concerning the absence of
long-range order for a 2D superfluid or superconductor would
remain unaffected by the introduction of long-range inter-
actions between the particles. In contrast, as discussed in ref
76, the absence of long-range order in the Heisenberg
ferromagnet depends on the range of the interactions.
Assuming J(r) to be the coupling constant between pairs of
spins separated by a certain distance r, one can thus define a
second magnetic moments as

K rri(r)
r (4)

where and  denote both planar spatial directions. The
absence of long-range magnetic order, as given by the
Mermin—Wagner theorem, would require that the values of
K remain finite. However, if the spins are allowed to rotate
around an axis symmetry, one would define two coupling
constants JI(r) and J*(r) for spin components parallel and
perpendicular to such axis of symmetry. Then, Mermin—
Wagner would rule out long-range magnetic order for the spin
components perpendicular to this axis of symmetry, provided
that the second moments for J* remain finite. Such condition is
not required for JIl. For FM interactions decaying as r — (n <
4), K would diverge implying that long-range FM order
should be possible in two dimensions, at small, but nonzero
temperatures.”* However, it is important to state that the
HMW theorem is unable to clarify the existence, or
nonexistence, of long-range order in a quantum mechanical
system in the limit T = 0 K. Yet, according to Halperin,”
nonrigorous arguments similar to those invoked at finite
temperatures suggest that in many circumstances, long-range
order would also be impossible at T = 0 K. In fact, in ref 76,
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Halperin provides a generalization of the HMW argument to
rigorously rule out the possibility of ferromagnetism at T =0 K
for any 2D electron model that excludes spin—orbit coupling
or magnetic dipole interactions.

Discovery of Magnetism in Exfoliated Monolayers.
Therefore, it is in the context of the HMW that one should
place the discovery of ferromagnetism in exfoliated monolayers
of both Crl;* and Cr,Ge,Te’ through the magneto-optical
Kerr effect (MOKE). For Crl;, the Curie temperature is found
to decrease down to 41 K in the monolayer limit with respect
to its bulk value of 61 K, which is a rather modest effect.” T in
Cr,Ge,Teq is found to decrease from ~65 K in the bulk to
approximately 30 K in bilayers.® Interestingly, the nature of the
FM order in Crl; is highly sensitive to the number of layers in
the system. In a bilayer, the remnant magnetization present in
a single layer is suppressed and is consistent with each layer
having oppositely oriented spins or with the material becoming
an antiferromagnet. From a theoretical perspective, these
results imply that these compounds cannot be described by an
isotropic Heisenberg Hamiltonian but are subjected to
magneto-crystalline anisotropy which in the case of Cr,Ge,Teg
is claimed to increase considerably upon the application of an
external magnetic field. In the Crl; case, it displays a
substantial remnant magnetization in the absence of a
magnetic field which is directed perpendicular to the plane
of the lattice. Therefore, this magnetic system would be well
described by the 2D Ising model.

2D Magnets: Recent Progress and Current Chal-
lenges. Pioneering work establishing intrinsic ferromagnetism
in two-dimensions has been performed on monolayer Crl,,’
Fe;GeTe,,”” and a few-layer Cr,Ge,Te,,® which are considered
now as prototypical 2D magnets. More recently, experimental
studies on monolayer CrBr;"’ and CrCly,”® and in few-layer
V(Ses, CrTe, and Cr,Te; have also been reported.”” '
Whereas in the bulk and few-layer regime the Curie
temperatures T, approach room-temperature, in some of the
systems such as in Fe;GeTe,”” and CrTe,®" this ordering is
substantially suppressed in the strictly 2D limit, ie., in the
monolayer regime. For instance, exfoliated monolayers of
CrBr;, Crl;, and Fe;GeTe, display, through magnetization
measurements, T, values of 25 K* 45 K,° and 130 K°
respectively, whereas monolayers of CrBr;*> and CrCly"®
prepared by molecular beam epitaxy (MBE) display T. values
of 16 and 13 K, respectively.”” In contrast, few-layer
Cr,Ge,Te4 and VSey are nearly ideal Heisenberg ferromagnets
with T,'s below 60 K, but with weak FM ordering in the truly
2D limit.*””

The magnetic interactions in bilayer Crl; and CrBr; have
been found to be highly dependent on the stacking order”’ and
can be tuned between antiferromagnetic (AF) and ferromag-
netic (FM) with magnetic or electric fields®” and via applied
mechanical pressure.”””’ There is currently a rich palette of 2D
magnetic materials ranging from Ising, Heisenberg to XY
behavior, and with a diversity of exchange interactions
(itinerant, double-, or superexchange)®**** which allow to
tailor their magnetic properties on demand. There is no doubt
that this enormous progress is of great fundamental interest,
but the applications based upon 2D magnets remain limited
due to two main current constraints: (i) the magnetic ordering
temperature remains well below 300 K and (ii) the lack of
synthesis methods that are scalable and produce homogeneous
magnetic monolayers over large areas by bottom-up methods.
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Enhancing the Magnetic Ordering Temperature in
Two Dimensions. Efforts to achieve room-temperature
ferromagnetism in some of these ultrathin layered magnets
are currently being pursued. In semiconducting magnets,
strong charge doping via ionic liquid gating has been shown to
drastically increase the Curie temperature of Cr,Ge,Tes from
60 K to nearly 200 K.*° In metallic systems such as Fe;GeTe,
(FGT), where electric gating is less efficient,”” alternative
methods to increase the ordering temperature have been
recently reported, such as changing the Fe stoichiometry in the
lattice,””*® by cobalt codoping” or by bringing it in proximity
to a topological insulator.” In stoichiometry tuning studies,
the composition is varied from Fe,GeTe, (x ~ 3—S5), whereby
the T, increases with Fe content, up to 310 K.*”** A partial
substitution with Co-atoms (up to 26%) has been found to
further increase the T, to 328 K, while a further increase in Co-
doping induces a concomitant structural and magnetic phase
transition to an AF ground state.*” As for the T, enhancement
by proximity effect, an substantial improvement has been
achieved in FGT/Bi,Te; heterostructures, where a thickness
dependent increase of the T, up to 380 K (for FGT having a
thickness of 4 nm) was reported.”’ These intriguing results are
not fully understood, especially whether effects such as strain
or doping at the FGT/Bi,Te; interface play a role in this
observation, or if this can be attributed to the exotic
topological character of Bi,Te;.

In another recent study, an anomalous enhancement of T in
Cr,Te; flakes was found as the thickness of the flake is
decreased from 10 to 5.5 nm,*’ behaving in an opposite way to
nearly all other 2D magnets reported to date. This effect was
attributed to doping and reconstruction at the surface of
Cr,Te;, leading to a slightly different stoichiometry and
interlayer distance. On another front, magnetic impurity
doping and defect-induced magnetism of otherwise non-
magnetic transition-metal dichalcogenides (TMDs) is being
attempted. Whereas defect-induced magnetism found in PtSe,
flakes”"”* results in a very low Curie temperature, transition-
metal doping is found to boost the T, as high as room
temperature, as reported in V-doped WSe, monolayers grown
by a powder vaporization method.”® In another experimental
study, room-temperature ferromagnetism was found in MoTe,
doped with a nonmagnetic element, ie., Ta’* This set of
results coming from monolayers and nanosheets synthesized
and doped through chemical vapor methods are quite
intriguing and merit more experimental investigations. In this
regard, it is also worth mentioning early works on room-
temperature ferromagnetism in monolayer 1T—VSe218 and
MnSe,"’, which could not be reproduced by other groups.
Such systems have remained controversial as they relied mainly
on volumetric magnetometry measurements of monolayers on
large-volume substrates.

This urgent need for a room-temperature 2D magnet has
recently caught the attention of many theoretical groups, from
which a large number of high-T, 2D magnetic materials has
been predicted.” For the sake of briefness, we are going to
highlight only a couple of structural material families: (i) Janus
monolayers of TMDs (MXY compounds, M: Cr, V, Mn and X,
Y: Se, Te, $)°°” and (ii) Cr-based III-V semiconducting
layered compounds (CrP, CrAs),” both of which have certain
compounds in their structural families that reach well beyond
room-temperature, at least from ab initio calculations. As for
the TMD Janus systems, VSeS”® and VSeTe "’ are the ones
attaining a T, above room temperature, with values of 420 K¢
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Adapted with permission from ref 96. Copyright 2018 Elsevier.

and 310 K*° (350 K),”” respectively, as shown in Figure 2.
With regard to the III-V semiconducting compounds, CrP is
found to order ferromagnetically up to 230 K,
calculations on CrAs show an easy-plane magnet behavior with
an astonishingly high transition temperature of 855 K** (albeit
being expected to be of Berezinskii—Kosterlitz—Thouless type,
or to display quasi-long-range order). These particular
theoretical studies highlighted here are certainly going to
trigger experimental investigations, given the ability to grow
TMDs and III-V compounds by several bottom-up methods,
such as MBE.

Toward the Fabrication of Scalable, Large-Area 2D
Magnets. The synthesis of bulk layered magnets have a long
history, but it is the recent technical breakthrough in
exfoliation, isolation and encapsulation of 2D materials, that

whereas
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made possible to study magnetism in the truly 2D regime.
Despite the enormous progress in preparing high-quality flakes
and heterostructures of 2D materials, the exfoliated samples
have dimensions of a few microns and frequently present an
irregular shape, which represents a major limitation for their
use in scalable device applications. An alternative fabrication
strategy, which has been less popular than exfoliation due to its
increased cost and the long material optimization process, is to
use bottom up methods such as chemical vapor deposition
(CVD) or MBE for the synthesis of 2D magnets. While the
growth of only one family, that of doped (V- and Cr) TMDs,
has been achieved by CVD so far,"’” MBE has been successful
in preparing a couple of 2D magnetic systems such as
monolayered CrBr;*”** and CrCl,"® and few-layer VSey” and
Fe;GeTe,”””” with Curie temperatures lower than in their bulk
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counterparts (Figure 5). In the monolayer regime, the DEVICE IMPLEMENTATIONS AND BASIC CONCEPTS

magnetism of CrBr; was studied by local spin-polarized Magnetoresistance. For spintronic device applications, a

scanning tunneling microscopy (STM)* and magneto-optical crucial material property is magnetoresistance a dynamic and
Kerr-effect (MOKE),*” the latter yielding a T, of 20 K. In the reversible change in sample resistance under varying magnetic
) 4

field. Magnetic materials and their heterostructures can
case of CrCls, a homogeneous monolayer coverage over large manifest exceptionally large switchable magnetoresistance

areas was achieved on Graphene/SiC(0001) substrates (see due to a change in the magnetic structure or spin configuration
upon the application of a magnetic field. There are two
prominent strategies for exploiting magnetoresistance from
magnetic compounds in functional electronics. One is
yielding a T, of 13 K and a sizable easy-plane magnetic engineering atypically large magnetoresistance through the
anisotropy.78 On top of the efforts to grow wafer scale 2D fabrication of multilayer heterostructures such as MTJS The
concept was demonstrated independently by Baibich et al.'"!
and Binasch et al,'”” in which multilayer films consisting of
adjacent FM electrodes leads to giant negative magneto-
oxidation is a key step toward device processing. resistance when switching from an AF to FM configura-

Figure 3), whereas the magnetic properties were evaluated via

X-ray magnetic circular dichroism (XMCD) over larger areas,

magnets by MBE (Figure 5), the selection and deposition of

suitable capping layers to protect these materials from
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Society.

tion.'”' ™' Since then, MTJs have been further optimized to
increase the magnetoresistance by changing the geometry to
either two FM metals separated by an insulating barrier
(conventional spin valves) or two nonmagnetic metals with an
(anti)ferromagnetic barrier (less conventional spin filter).
Despite numerous efforts to enhance the performance of
MT]Js over many decades, they still suffer from issues such as
retaining the crystallinity and magnetization of ultrathin
magnetic films and enlarging the tunnelling magnetoresistance
(TMR) which prevent miniaturization of high-performance
devices. The second approach is utilizing the high degree of
electronic tunability of intrinsically magnetic 2D semi-
conductors (or 2D metals with high density ionic gates) to
provide control over both charge and spin carriers, allowing for
complete spin polarization of their conduction electrons. By
exploiting the spins of electrons as information carriers, instead
of their charge, these materials promise to improve the speed,
density, and energy efficiency of electronic devices through
single-spin transport.'**~'% They are particularly attractive for
device applications that utilize both the electronic tunability
and spin-polarized transport in lateral MTJs and spin field
effect transistors.'””'® The recent discovery of magnetism in
atomically thin vdW materials, coupled with the diversity of
their observed electronic properties including insulators
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(CrCl;, CrBr;, Crly), semiconductors (CrSBr, Cr,Ge,Tey),
and metals (Fe;GeTe, Fe.GeTe, CrTe,), makes vdW
magnets exceptionally attractive for nanospintronic applica-
tions (see Spintronics: From Fundamentals to Devices section
for details). An unusual property of 2D magnets is the
abundant observation of strong intralayer magnetism with high
magnetic anisotropy, which allows for the existence of
magnetic order in the 2D limit, with weak interlayer coupling,
which often results in layer-dependent spin ordering.” These
features, tied with the observed high crystallinity and low
disorder characteristics of the parent compounds without
forming dangling bonds in the 2D limit, make vdW magnets
especially attractive for the fabrication of MTJs."*™'*'% The
layered magnetic properties of vdW magnets also manifest as
large intrinsic magnetoresistance in conducting vdW mag-
nets,lz’gﬁ'uo'111 which, when paired with the high degree of
electronic tunability obtained through electrostatic gating in
the 2D limit, offers flexible control over both electronic and
magnetic properties'>*>''" in transport devices fabricated with
vdW magnets.

Spin Filtering E ect. In fabricating MTJs from vdW
materials, a particularly useful property is the existence of a
layered AF ground state such as the one observed in Crlj,
CrCl,, and CrSBr (Figure 6A for representative Crl; case). It is

https://doi.org/10.1021/acsnano.1c09150
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CrSBr versus magnetic field (parallel to the b-axis) at various temperatures. Each MRR curve is offset for clarity. The solid black line is an
MRR curve taken near the Neel temperature. 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 given
above the plot."'® Reproduced with permission from ref 110. Copyright 2020 John Wiley and Sons. (B) R,, of a S-layer MnBi,Te, sample as
a function of external magnetic field applied perpendicular to the sample plane at T = 1.6 K. Data are symmetrized to remove the R,
component."'! (C) R,, of a 5-layer MnBi,Te, flake as a function of magnetic field acquired at various temperatures. Data are symmetrized to
remove the R, component. Inset shows the layered crystal structure of MnBi,Te, in the AF state.'’! Panels (B) and (C) are reproduced with
permission from ref 111. Copyright 2020 AAAS. (D) Ball and stick model of the Cr,Ge,Te4 crystal structure.®® (E) Magnetoresistance

— R(H) R(Q)
(MR = 20
clarity. The magnetic field is applied in the out-of-plane direction. Unprocessed data are shown in the inset.”® Panels (D) and (E) are
reproduced with permission from ref 86. Copyright 2020 Springer Nature. (F) Side view of the atomic lattice of bilayer Fe;GeTe,. The
dashed rectangular box denotes the crystal unit cell.”” (G) Temperature-dependent magnetic field (out-of-plane) sweeps of the Hall
resistance measured on a 12 nm thick Fe,GeTe, flake.”” Panels (F) and (G) are reproduced with permission from ref 77. Copyright 2018
Springer Nature.

) curves for T = 60 K and back-gate voltage of 3.9 V for a 22 nm-thick Cr,Ge,Te4 flake. The background is removed for

worth noting that this layered AF structure is usually artificially attractive as a tunnel barrier since the number of AF layers is
made'"”""* in traditional heterostructures, as it is rarely determined purely by the thickness of the flakes and the
naturally occurring. Consequently, fabricating multiple-layered naturally formed multiple antiparallel spin configurations can
AF structures is prohibitively difficult with existing fabrication trigger enormous TMR values. Accordingly, several groups
techniques. Although it is possible to realize the conventional have reported TMR in vdW MTJ devices incorporating
spin-valve device using two FM metallic flakes separated by an multilayer Crl; as the insulating tunnel barrier sandwiched
insulating or semiconducting material *”'"> (see Spintronics: between graphene electrodes."*™'® The TMR at 1.4 K has
From Fundamentals to Devices section for details), the exotic been found to be as large as 10°% under a 2T magnetic field as
spin configuration of a layered AF ground state in 2D magnets shown in Figure 6B, which is ~10® times larger than a previous
gives rise to a substantial spin-filtering effect. From the point of world record of giant magnetoresistance in a pseudospin-valve
view of MT]Js, vdW magnets having layered AF structure are MT]J device with a MgO tunnel barrier.''®
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Figure 8. Comparison between tunnelling differential conductance spectra between Gr/Crl;/Gr and Gr/CrBr;/Gr devices in a magnetic
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narrow low energy resonances appear, which are dispersive in the magnetic field. The color maps demonstrating the dependence of the
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parameters describing the magnonic states, i.e., their zero-field energy and the slope

E/ B can be extracted based on the linear fits to the

evolution of the energy of the resonances in the magnetic field (b, d). Panels (a) and (b) are adapted with permission from ref 14. Copyright
2018 AAAS. Panels (c) and (d) are adapted with permission from ref 131. Copyright 2018 Springer Nature.

Given that the origin of the TMR value is due to the barrier
height difference between the antiparallel and the parallel
multistacks'® (which results in an exponential increase in
TMR) as shown in Figure 6C, it is suspected that the
performance could be enhanced further by finding materials
with larger exchange splitting and lower barrier heights. Other
chromium trihalides such as CrBry and CrCl; have been
studied, but Crl;-based MT]Js still exhibit the highest TMR
values due to the largest splitting combined with a narrow
bandgap,''"'""7"** as shown in Figure 6D. Another advantage
of vdW MT]Js is that the magnetic properties are easily tuned
by external factors (electric fields,'" doping,®’ and pres-
sure”>*?). Such a high degree of tunability can potentially give
significant performance breakthroughs in future MT]J-based
devices. Despite the promising possibilities of vdW MT]Js,
there are still myriad challenges remaining before vdW MT]Js
are useful for practical applications. These include finding
higher T, materials for room-temperature operation, develop-
ing nonvolatile functionality for memory applications, reducing
the operation field for low power consumption, increasing the
junction conductance while retaining high TMR, and
enhancing the ambient/chemical stability for more reliable
fabrication processes.

Lateral Transport Properties. A few conducting vdW
magnets manifest intrinsic magnetoresistance, including the
semiconducting CrSBr''? and Cr,Ge,Te,"° the metallic
Fe;GeTe,,'””” and the topological insulator MnBi,Te, "
CrSBr and MnBi,Te, are both vdW antiferromagnets which
manifest strong intraplanar ferromagnetism with weak layered
antiferromagnetism.110’121 CrSBr, a functional semiconductor
with an easy axis aligned parallel to the sample planes,''*'**
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exhibits a large negative magnetoresistance of ~ —40% at 10 K
with a low saturation field of 0.5 T along the easy axis (Figure
7A).""" This behavior is attributed to the suppression of
interlayer tunnelling in the AF phase due to spins in adjacent
planes having opposite magnetization. In the fully polarized
state (in which all spins are aligned with an external magnetic
field), interlayer tunnelling is restored, leading to a decrease in
the overall sample resistance. In the few-layer limit, vdW
materials with layered antiferromagnetism have a layer-
dependent ordering; odd layers functionally behave as a
ferromagnet due to a nonvanishing magnetic moment at zero
magnetic field.""" For example, a $-layer flake of MnBi,Te,
exhibits magnetic behavior reminiscent of a ferromagnet at
zero field followed by a series of magnetic states due to the
flipping of spins in adjacent layers upon the application of an
out-of-plane magnetic field. The various magnetic states
manifest as steps in the Hall resistance (Figure 7B). Due to
the nontrivial band topology, the Hall resistance quantizes to
eﬁz at the saturation field (~6 T) from the formation of

Ry =
quantum anomalous Hall states. Accompanying this discovery
was the observation of a giant negative magnetoresistance in
the longitudinal resistance (Figure 7C)."'" In layered
ferromagnets, similar magnetoresistance features can be
observed. In a 22 nm-thick flake of Cr,Ge,Te4(Figure 7D), a
sizable magnetoresistance of ~13% was observed in the
longitudinal transport (Figure 7E) with a saturation field <500
mT. Since the magnetoresistance displayed significant
hysteresis and the easy axis is out-of-plane, the large
magnetoresistance is credited to the spontaneous magnet-
ization of magnetic domains characteristic of ferromagnets. In
metallic layered ferromagnets such as Fe;GeTe, (Figure 7F),"”
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large magnetoresistance can arise from the anomalous Hall
effect;'”””'** the Hall resistance displays a sharp switching
hysteresis at the saturation field (Figure 7G). Beyond the
magnetoresistance behaviors observed in vdW magnets with
layered magnetic configurations, an advantage of 2D vdW
magnets is the observed sensitivity to electrostatic dop-
ing,"**>""" which has demonstrated the ability to increase
the magnetic ordering temperature up to room temperature.12
The Role of Spin Waves in Tunnelling Devices with
Ferromagnetic Barriers. Spin waves play a crucial role in the
perseverance of the alignment of magnetic moments in their
2D arrangements as described by the Mermin—Wagner
theorem. As many other fundamental excitations, they exhibit
wave-particle duality. The spin waves may be described as
wave-like fluctuation of the spin state of the magnetic moments
localized in a crystal lattice with a quantum of such excitation
treated as a magnon quasiparticle. Akin to quanta of lattice
vibrations (i.e., phonons), magnons can manifest naturally in
inelastic scattering processes monitored, eg, by optical or
electrical methods. Therefore, Raman spectroscopy, neutron
scattering,'**'** and/or tunnelling spectroscopy *°~"* are
common techniques used to get insight into the properties of
magnons in solids exhibiting localized magnetic moments.
There are a few reports demonstrating the appearance of
magnon resonances' ”'*”"*! in 2D magnets, as seen in the
conductance spectra in devices with graphene electrodes and
magnetic barriers made of thin layers of Crl;,'*"*%"!
CrBr;,"*"" and CrCl,"*” crystals. All three materials display
evidence of magnon-assisted tunnelling processes in form of
step-like features in the conductance spectra or narrow
resonances in differential conductance spectra, as demon-
strated in Figure 8. Characteristically for magnonic resonances,
their energy is magnetic field dependent, and the observed
slope AE/AB is indicative of the magnetic moment of the
quasiparticles involved. Qualitatively, Crl; and CrBr; display
two low energy resonances that are dispersive in magnetic field
and may be associated with magnons. The tunnelling
resonances in Crl; occur at higher energy (3 and 7 meV)
than those observed in CrBr; (7.5 and 17 meV) as summarized
in Table 6. The value of the AE/AB slope constitutes another

Table 6. Zero-Field Energy and the E/ B Slope Is
Summarized for the Two Magnonic Resonances Observed
in Gr/Crl;/Gr and Gr/CrBr;/Gr Devices, Based on the
Evolution of the Differential Conductance Spectra in a
Magnetic Field

lower energy magnon
resonance

higher energy magnon
resonance

material energy (meV)  slope ( 5)  energy (meV) slope ( p)
Crl,"* 3 2 7 8
CrBr,"! 7.5 5.1 17 5.7

differentiating factor between the two materials. The energies
of the magnon resonances are consistent with the magnon
density of states, calculated based on experimental values of the
exchange integrals between the magnetic moments of Cr** ions
in the lattice of Crl; and CrBr; crystals. However, the values of
the AE/AB slope are more difficult to interpret.

At the temperature of 0 K, the tunnelling processes are
limited to those with an emission of a magnon quasiparticle,
which arises from a spin flip mechanism within Cr** ions which
gives rise to a quasiparticle characterized by a magnetic
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moment of 2.0 . At finite (low) temperatures, the magnon—
magnon interactions provide additional contribution to the
Zeeman term, leading to the increase of the magnetic moment.
Self-consistent spin-wave calculations'** for CrBr; predict a
magnetic moment of 2.4 5."*"

The larger values of the experimentally observed AE/AB
slopes in Crl; and CrBr; remain a puzzle; however, it is notable
that the magnetic moment of magnons is strongly dependent
on temperature, especially in the regime close to the critical
Curie temperature (T¢)."* First, the enhanced population of
magnons at higher temperatures suppresses the short-range
and long-range magnetic ordering. Second, the gap in the spin
wave spectrum and interlayer exchange coupling (J;)
suppresses the spin fluctuations (ie, making the magnon
excitations stiffer). Consequently, two regimes of magnetic
coupling may be identified, with the transition between them
defined by a condition 2 B = J;, which differentiate the
magnonic states by the value of their magnetic moment.
Specifically, at low magnetic field and temperatures close to
T¢, the slope AE/AB for magnons in CrBrj is predicted to be
45 pand 7.1 j for the lower energy and higher energy
magnons, respectively."

Except for modulating the ordering of magnetic moments in
the crystal lattice, the presence of magnons can also mediate
the inter-Landau level (LL) tunnelling processes. In experi-
ments, where the magnetic field is applied perpendicularly to
the graphene electrodes, Landau quantization occurs with the
mutual alignment of the LLs in bottom and top graphene
electrodes given by the applied bias. Example data are
presented in Figure 9a,b. In such configuration, the LLs may
be tuned in and out of resonance, favoring either an elastic
tunnelling process directly between aligned LLs or an inelastic
tunnelling process requiring an emission of a magnon as
schematically illustrated in Figure 9a,b. These two tunnelling
processes may be distinguished by changing the temperature
and applying bias across both graphene electrodes. At low
temperature, the inelastic tunnelling events with an emission of
a magnon dominate the tunnelling spectra. With the increase
of the temperature, two-magnon processes'”* involving both
absorption and emission of a magnon become more probable,
due to enhanced population of magnons. Such processes
contribute to the elastic scattering events, which can be further
enhanced by spin disorder scattering'* for the temperatures
close to T.

Collectively, these observations provide evidence that spin
waves participate actively in the magnetic properties of 2D
magnetic materials. The magnon quasiparticles contribute to
tunnelling spectroscopy by opening additional channels
facilitating the tunnelling processes of charge carriers. As
low-energy excitations, whose contribution to the tunnelling
spectra can be tuned by electric and magnetic fields, magnons
constitute a foundation for the principle of operation for
devices relevant for spintronics applications.'* Particularly, the
implementation of vdW magnets in unforeseen paradigms of
magnon-based data processing'”’ and computing,"** utilizing
selective spin-wave propagation to realize alternatives for
commonly used logic gates,"”” show promising avenues for
investigations.

MAGNETO-OPTICAL PHENOMENA

Magneto-optical phenomena develop when electromagnetic
waves couple to the spin degree of freedom in solids because of
spin—orbit-coupling. They have long been utilized in studying
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Figure 9. Temperature evolution of the differential conductance
spectra in an out-of-plane magnetic field of 17.5 T is indicative of
elastic and inelastic tunnelling processes mediated by magnons.
The experimental data (a) shows qualitative agreement with
theoretical predictions (b), which consider inelastic scattering
processes with an emission of a magnon and elastic tunnelling
processes involving two magnons. Both processes can be
distinguished by applying a bias which shifts the mutual alignment
of Landau levels (LLs) in the graphene electrodes (c, d). All panels
adapted with permission from ref 131. Copyright 2018 Springer
Nature.

magnetic materials, more so in recent research of 2D magnetic
crystals and moiré superlattices. In this section, we will review
the recent progress on 2D magnetic phases in two important
systems, 2D TMD heterostructures and 2D magnets
(particularly, Crl;), studied by magneto-optical spectroscopy.
Although TMDs are intrinsically nonmagnetic, magnetic states
can be engineered in the strongly correlated regime in highly
tunable moiré superlattices that compose of two stacked ML
TMDs. In such systems, excitons in TMDs can be exploited as
powerful optical probes of the emergent magnetic states or of
nearby magnetic layers. On the other hand, 2D magnetic
atomic layers isolated from bulk van der vdW magnetic crystals
have formed another large pool of intrinsic 2D magnetic
phases, of both fundamental scientific interest and potential for
spintronic device applications. Static and dynamic magneto-
optics (eg, MOKE, magnetic circular dichroism (MCD),
magneto-PL, and magneto-Raman spectroscopy) have been
applied to reveal the underlying physics of 2D magnets.
Excitons in TMDs: Optical Probes for Emergent
Magnetic Phases in van der Waals Crystals and
Heterostructures. Magnetism in Strongly Correlated TMD
Heterostructures. Strongly correlated electron systems offer a
fertile ground to discover, engineer, and probe emergent
phases of matter, including distinct magnetic phases. Strong
correlations among electrons arise when their mutual Coulomb
interaction is similar or larger than their kinetic energy, and the
delicate balance between these two energy scales determine the
ground state of the system and its low-energy excitations.
Strongly correlated electron systems exist in many well
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explored material families, eg transition metal oxides,"*°
cuprate high-T, superconductors,'*’ and heavy Fermion
materials."*” A general feature of these strongly correlated
materials is that the relevant electron orbitals are typically d or
f orbitals which, unlike s or p orbitals, have a degree of
localization and thus lead to enhanced Coulomb interaction
and reduced band widths. In this picture, at an appropriate
Fermi energy, localized moments with large Coulomb
interaction energies arise. While these “building blocks” of
strongly correlated matter are well understood, many questions
remain' " and the road to technological exploitation is
onerous. Unfortunately, conventional quantum materials
typically have strict limitations to engineering and probing
strong correlations and their emergent phases.

Fortunately, the rise of 2D materials provides an ability to
tune the two critical energy scales (Coulomb interaction and
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
bilayer graphene heterostructures near the magic angle."** In
such twisted bilayer systems, a periodic potential landscape
called a moiré superlattice arises, creating a means to engineer
flat-bands and quench the kinetic energy. In the case of twisted
bilayer graphene, the widely tunable parameters have given rise
to a plethora of phases: Mott gap insulators, superconductivity,
ferromagnetism, Chern insulators, and nematic ordering,
among others; more are likely to be discovered.'** The
scope for engineering the electron correlations in 2D materials
rivals the impressive precision in cold-atom quantum
simulators,'* but with very different energy scales. Beyond
magic-angle graphene, TMD heterostructures present oppor-
tunities 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-
fold sublattice symmetry, 2-fold layer symmetry, and 2-fold
time-reversal (spin) symmetry, leading to an 8-fold total
degeneracy which puts strict limitations on the twist angle
(~1.05 + 0.05° the so-called “magic-angle” at which strong
correlations arise).144 On-the other hand, in twisted TMDs,
the sublattice and layer symmetries are broken, resulting in
simple 2-fold total degeneracy. The impact of this is significant:
The strong correlations are more robust in twisted TMDs;
they can be realized over a wide range of twist angles, relaxing
the demands on fabrication precision and setting possibilities
for larger tunability of the correlations. Also, unlike graphene,
TMDs have a finite energy gap which, at the monolayer limit,
becomes direct in momentum space. Combined with strong
spin—orbit coupling, TMDs present clean spin-resolved optical
selection rules. Finally, electron—hole pairs form strongly
bound excitons in TMDs due to their 2D nature, leading to the
possibility to sensitively probe their environment. Altogether,
in addition to engineering strongly correlated states in low-
defect density TMDs and their heterostructures, these features
suggest the probing and sensing of emergent magnetic phases
within the TMD itself, or in nearby 2D materials, via optical
spectroscopy. This is the motivation of our section review.

In the following, we will review how emergent states arise in
a Fermi sea in a monolayer TMD or in a moiré heterostructure
and how the exciton transitions in TMDs can act as sensitive
probes of emergent states. We will first present a basic
introduction into the fundamental magneto-optical properties
of monolayer TMDs. Next we will introduce emergent
magnetic 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 ref 146. Copyright 2018 American
Physical Society. (b) Schematic illustration of the optical response of an ideal 2D semiconductor, showing the exciton ground (n = 1) and
excited state resonances (n = 2, 3, 4, ...) below the renormalized quasiparticle band gap. Adapted with permission under a Creative
Commons CC BY 4.0 license from ref 147. Copyright 2017 Springer Nature. The top right inset shows the energy level scheme of the
exciton states, designated by their principal quantum number n, with the binding energy of the exciton ground state below the free-particle
(FP) band gap. Adapted with permission from ref 146. 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 magnetic field perpendicular to the
material interface. Adapted with permission from ref 148. Copyright 2015 Springer Nature. (d) Schematics of a typical microscope for
optical spectroscopy of 2D materials in epifluorescence geometry. The 2D materials can be studied at temperatures T = 4—300 K by placing
them on nonmagnetic nanopositioners inside a cryostat. A solenoid allows the application of magnetic fields (B) perpendicular to the crystal
plane (Faraday geometry). The excitation and collection paths can feature several polarizing optical components for PL and reflectance
experiments in circular ( ) and linear ( ) bases. Adapted with permission from ref 149. 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 exciton (X°) and the lower-
energy negatively charged exciton (X~). The X~ shows a binding energy of about 30 meV (see inset). Adapted with permission from ref 150.
Copyright 2013 Springer Nature. (f) Derivative of the reflectance contrast spectrum (d/dE) ( R/R) for a WS, monolayer (ML). The exciton
states are labeled by their respective quantum numbers. The inset shows the as-measured reflectance contrast R/R for comparison.
Adapted with permission from ref 151. Copyright 2014 American Physical Society.

Fermionic baths, why the properties of TMDs can promote strong spin—orbit coupling and broken inversion symmetry in
additional investigations in these topics, and recent observa- TMDs leads to an effective coupling between the carrier spin
tions in this direction with a particular focus on the properties and the valley index of the electrons and holes at the +K
of an exciton—polaron, a bosonic impurity in a Fermi sea, in corners (see Figure 10a for a W-based TMD),"*” which results
gated TMD devices. Following this, we will introduce the 2D in valley-dependent optical selection rules."*” After absorbing a
Hubbard model and review the recent observations of strongly *-polarized photon, a valence band electron at +K can be
correlated states in moiré TMD heterostructures. Finally, we promoted to the conduction band at +K, leaving behind a hole
review how monolayer TMDs can act as sensitive probes of in the corresponding valence band. The attractive Coulomb
magnetic states in nearby 2D layers. interaction between the conduction band electron and the
Magneto-Optical Properties of TMDs. Among the plethora valence band hole gives rise to the formation of a hydrogen-like
of vdW materials, 2D group-VIB TMDs such as MoS,, MoSe,, state, known as exciton, in which the electron and hole are
WS,, and WSe, have emerged as a class of gapped tightly bound together with a typical binding energy on the
semiconductors with appealing optoelectronic properties. In order of 0.5 eV,
their monolayer forms, they present direct bandgaps with As a consequence of the large binding energy, excitons
energies in the visible to near-infrared spectral range, with the determine the fundamental optical properties of TMDs at both
band edges located at the degenerate but inequivalent corners cryogenic and room temperatures. While the radii of 2D
of the hexagonal Brillouin zone (typically referred to as K and excitons in TMDs are small, their properties remain in the
—K valleys, as shown in Figure 10a)."*® The combination of a Wannier-Mott regime,'*® 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 from ref 170. Copyright 2020 AIP Publishing. (b) Voltage-
gate-dependent color-scale map presenting reflectance contrast spectra measured in an hBN-encapsulated ML MoSe,. Attractive 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 ref 171. 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 ML MoSe, at
B =16 T. Bottom panel: Gate voltages corresponding to integer filling 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 from ref 171. Copyright 2019 American Physical
Society. (d) Gate-voltage-dependence derivative of the reflectance contrast spectrum with respect to the gate voltage of a charge-tunable,
dual-graphene-gated, and fully hBN-encapsulated MoSe, ML (right panel). The weak, higher-energy resonance is due to Umklapp scattering
of the excitons off 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 electron—hole exchange interaction, and correspond to the exciton dipole oriented along transverse (T) or longitudinal
(L) directions with respect to the momentum vector, respectively. Adapted with permission from ref 172. Copyright 2021 Springer Nature.
(e) Top panels: schematics of a Wigner crystal in a MoSe, bilayer 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 lattices for filling ratios n:n;, of 1:1, 4:1, and 7:1, with
n, and n,, the carrier density in the top (blue dots) and bottom (red dots) MoSe, layers. Bottom panels: 2D map of (n, n,) as a function of
total carrier density n and temperature T for n:n;, = 1:1 (right). The Wigner crystal forms in the region > 0 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 atom,
although with a larger sensitivity to the surrounding dielectric
environment'>""** (see Figure 10(b)). Moreover, the carrier
spin, the valley index and the atomic orbital of the band edges
involved in the optical excitonic transitions are associated with
a magnetic moment."** Such magnetic moments can couple to
external magnetic fields and break the energy degeneracy
between optical transitions at + K via the Zeeman effect (see
Figure 10(c)), endowing excitons in TMDs with a large
sensitivity to external magnetic fields.

Therefore, properties such as the binding energy, oscillator
strength, line width, polarization, and resonance energy of
excitons in TMDs represent powerful optical probes to
investigate emergent phases and magnetism in TMDs and
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adjacent vdW materials. Among the possible experimental
techniques, optical spectroscopy represents the most powerful
noninvasive technique to investigate the properties of excitons
in 2D TMDs."> Tt provides access to key properties of 2D
TMDs such as the crystal quality, crystal orientation, the
semiconductor band gap, the exciton binding energy and the
absorption strength of the material.'>®> Moreover, when
combined with a confocal microscope (see Figure 10(d)), it
can also provide high spatial and polarization resolution, giving
access to the spin and valley physics in TMDs. In this sense,
PL spectroscopy has been largely employed to study the
optical properties of neutral and charged excitons in TMDs at
both room and cryogenic temperatures (see Figure
10e).°915%15% However, PL emission tends to favor low-
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energy states (especially at low temperatures), limiting the
access to excited exciton states. On the other hand, reflectance
spectroscopy allows to characterize the energy, oscillator
strength, and line width of the ground (n = 1s) and excited
(n = 2s, 3s..) exciton states in TMDs. For example, one-
photon reflectance contrast has been used to investigate the
exciton Rydberg series in monolayer (ML) WS, (see Figure
10f), revealing exciton resonances from the ground 1s state to
the Ss excited state.

Emergent States in Fermion-Doped Monolayer TMDs.
Strong interactions in dilute electron systems can lead to
emergent phases and magnetism.lss_158 At very low densities,
Wigner predicted that itinerant electrons will condense into an
ordered array of electrons,"*® while Bloch predicted that a
paramagnetic Fermi sea of electrons can spontaneously
polarize into a FM state."*® To achieve strong correlations,
the exchange energy must dominate over kinetic energy. In an
itinerant electron system, the effective strength of the
electron—electron interaction is characterized by the Wign-
er—Seitz radius r, which describes the average distance
between electrons measured in units of the effective Bohr

radius. In two-dimensions, I, = me*ezl 4 0 /&), where
m,* is the electron effective mass, is the dielectric constant,
and n, is the electron density. The kinetic energy of an electron
gas scales as 1/r’1/ rsz : At small r, (eg, r, < 1), the kinetic
energy of electrons exceeds the Coulomb interaction energy
and the properties of itinerant electrons can be described by
Fermi liquid theory. However, Monte Carlo calculations reveal
that when r, > 26, a two-dimensional electron system (2DES)
becomes fully polarized, while for r, > 30, the ground state of
the 2DES is a Wigner crystal,”*~'®" a lattice of ordered
electrons that forms to minimize the exchange interaction
energy.

A simple analysis shows that for materials with large m,* and
modest , electrons in a 2DES should spontaneously arrange
into a Wigner crystal at small n,. However, at small n,, carrier
scattering due to intrinsic disorder in a material often
dominates, making Wigner crystal formation elusive, especially
in the absence of an external magnetic field (Landau
quantization can also quench kinetic energy and lead to flat-
bands). For example, in a 2DES in GaAs (m,* = 0.067 and
13), n, < § X 10® cm™ for r, > 26, a huge challenge for defect
densities in even the best MBE systems.m2 Alternatively, 2D
hole gases in GaAs (m;,* = 0.4) offer better prospects, but still
few reports exist and strong spin—orbit interaction complicates
spin polarization measurements.'*'** In comparison, the
weak dielectric screening ( ~ 10—30"%%'%%) and large
effective mass (m,* 0.3—0.8)'°"'® of TMDs offer renewed
prospects.169

Gate-tunable 2D TMDs and related heterostructures
represent an ideal material platform for exploring and
controlling strongly correlated phenomena in a 2DES. In
addition to exploring itinerant magnetic phases, gate-tunable
TMDs provide a leap to investigate the many-body physics
problem of a bosonic impurity interacting with a Fermionic
sea. On the one hand, the Fermi energy (Eg) in ML TMDs can
be electrically tuned over a wide range simply by gating,
enabling a precise control of the carrier density in the
semiconductor. On the other hand, the large exciton binding
energy (Ex) of these materials (on the order of hundreds of
meV">% 115 allows one to reach the energy regime Ey/E >
1, in which the excitons remain well-defined mobile atom-like
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particles (bosons) even in the presence of a substantial carrier
Fermi energy. Moreover, the existence of positively and
negatively charged exciton states with binding energies (E;) of
a few tens of meV enables investigation of the strong coupling
regime (Ep/E; ~ 1), where the trion binding energy competes
with the kinetic energy of the excess electrons or holes in the
Fermi reservoir.

The many-body phenomena resulting from the interaction
between an exciton and a 2DES of excess carriers in the energy
range Ex < E;r < Ey can be understood in terms of Fermi
polarons.'”*™""® In this framework, there are two types of
exciton-electron interactions: electrons in the Fermi sea
interact with excitons composed of electrons with antiparallel
spin (sin%let collisions) or parallel spin (triplet colli-
sions).'”*"”? For ML TMDs doped with a 2DES with an Ej
much smaller than the conduction band spin—orbit splitting
Acp, the photocreated exciton can interact with the electron
gas either in the same valley (antiparallel spins) or in the
opposite valley (parallel spins), as sketched in Figure 11a.'”
For antiparallel spins, these interactions split the bare exciton
resonance into two branches, a low-energy state interacting
attractively with the bath of Fermions (attractive polaron), and
a high-energy repulsive polaron (Figure 11b)."""'°7'"" The
attractive-polaron resonance can be understood as a bound
state of an exciton and a Fermi-sea electron, and it is normally
identified as a trion branch. The repulsive exciton—polaron
branch, normally identified as an exciton branch, stems from
an exciton being dressed predominately by excitations of the
Fermi sea, which leads to a repulsive blue-shift of the bare
exciton resonance as the number of excess charge carriers
increases. On the contrary, in parallel-spin collisions, there are
no bound states of the exciton—electron interaction, and the
spectrum only presents a repulsive polaron branch.'”*'””

Experimental evidence of Fermi polarons in 2D semi-
conductors have recently been reported in the reflection and
PL spectrum of intralayer excitons in gate-tunable ML
TMDs.'””~"** In addition to the formation of Fermi polarons,
the strong interactions between tightly bound excitons and a
dilute sea of carriers in gate-tunable TMDs have enabled the
optical investigation of a wide variety of strongly correlated
phenomena, including the interplay between LLs and many-
body interactions in 2D semiconductors.'”""** For example, in
ref 171, the authors carried out polarization-resolved resonant
reflection spectroscopy in a gate-tunable ML MoSe, hosting a
dilute sea of fully spin- and valley-polarized holes in the
presence of a strong magnetic field. Their results revealed
filling-factor-dependent Shubnikov—de Haas-like oscillations in
the energy and line width of the exciton—polaron transitions
(see Figure 1l1c), which emerge as a consequence of the
influence of Landau Level occupation on the strength of
interactions between the excitons and the Fermi sea of holes.
Exciton—polarons have also proved to be useful optical probes
to explore interaction-induced magnetic phenomena in gate-
tunable TMDs.' 728183184 Iy ref 181, a magnetic field of 7 T
leads to a near-complete valley polarization of electrons in a
gate-tunable ML MoSe, with an electron density 1.6 X 10"
cm ™2 By means of PL and resonant reflection measurements,
they find that the Zeeman splitting of exciton—polarons can be
strongly modified by interaction and phase-space filling effects,
yielding effective exciton—polaron g factors as high as 18.
These results suggest an interaction induced giant para-
magnetic response of MoSe,. In addition to the paramagnetic
phase observed for MoSe,, a FM ordering of 2D electrons was
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Figure 12. (a) Schematic illustration of a 2D triangular moire superlattice resulting from stacking two TMD MLs with different lattice
constants and/or twist angle. The moire potentials (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 energy U and hopping amplitude f between spins in the lattice is highly tunable by
the stacking angle and choice of 2D materials, enabling the investigation of the Fermi—Hubbard model. (b) Sketch of the type-II band
structure of a WSe,/WS, heterobilayer, where K and K represent two valley degrees of freedom. Up (down) arrows denote the spin up
(down) direction. (c) Dependence of the magnetic susceptibility « g — g, (left axis, black filled symbols) and Weiss constant (right axis,
red empty symbols) on the filling factor of WSe,/WS, at 1.65 K. Panels (b) and (c) adapted with permission from ref 197. 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 WSe,/WS,, showing gap-like features at hole doping levels of n = n,/3 (orange dashed line), n = 2n,/3 (green
dashed line) and n = n, (blue dashed line). Adapted with permission from ref 198. Copyright 2020 Springer Nature. (e) Abundance of
insulating states in WSe,/WS, as revealed by the blue-shifts of the 2s exciton resonance in the reflectance contrast of a ML WSe, sensor
placed in close proximity to the heterobilayer (top panel). The top axis shows the proposed filling factor for the insulating states, with the
corresponding configurations schematically shown in the bottom panels. Adapted with permission from ref 199. Copyright 2020 Springer

Nature.

recently reported in gated ML MoS, by optical spectroscopy
measurements of exciton polarons.179 In ref 184, the same
authors demonstrated that the magnetic phase of ML MoS,
can be controlled via the voltage applied to a gate electrode,
leading to a fist-order magnetic phase transition between a FM
phase at low electron density and a paramagnetic phase at high
electron density.

Optical spectroscopy investigations of Fermi polarons in ML
or weakly coupled BL MoSe, have also recently enabled the
demonstration of electronic Wigner crystallization in a 2D
TMD semiconductor.'”>'”>'®> As predicted theoretically,'®
the large electron mass and reduced dielectric screening in
these 2D semiconductors have led to the formation of Wigner
crystals without the need of an applied external magnetic
field.'”>'7>185 Moreover, even in the absence of an extrinsic
periodic modulation of the band structure of the ML TMD,
the charge order resulting from the Wigner crystal state gives
rise to a periodic potential for the excitons in these 2D systems.
In a charge-tunable ML MoSe,, the interaction between the
periodic lattice of electrons and resonantly injected excitons
has led to the emergence of resonances in the reduced
excitonic Brillouin zone.'”” The exciton resonances arise from
Umbklapp scattering of dark exciton states with momentum k =
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ky (where ky, is the reciprocal lattice of the Wigner crystal),
which folds the dark exciton states back to the light cone where
they hybridize with the k = 0 exciton and thus can couple to
photons (see left panel of Figure 11d). An example of these
exciton resonances was observed in the high-energy side of the
repulsive exciton polaron branch in a charge-tunable ML
MoSe, (see right panel of Figure 11d)."”* Although both the
repulsive polaron and the Umklapp resonance blue-shift upon
electron doping, the energy splitting between these two
resonances increases linearly with n, in agreement with the
reduction of the lattice constant of the Wigner crystal expected
for increasing n,.'’> Moreover, the same authors have shown
that the application of a magnetic field further increases the
stability of the Wigner crystal, since confinement of the
electron motion into circular orbits partially suppresses its
kinetic energy. Similar to ML MoSe,, resonant reflectance
spectroscopy of a MoSe, bilayer separated by hBN has also
revealed the emergence of Umklapp exciton—polaron reso-
nances due to spatially modulated interaction between excitons
and electrons in an incompressible Wigner—Mott state.'®
Finally, optical signatures of Wigner crystallization at cryogenic
temperatures have also been observed in a nominally aligned
MoSe, bilayer separated by a 1 nm-thick hBN, in which robust
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correlated insulating states were formed at symmetric (1:1)
and asymmetric (4:1 and 7:1) electron-doping ratios for the
two MoSe, layers (see top panel of Figure 11(e))."”> These
bilayer Wigner crystal phases showed quantum and thermal
melting transitions above a critical electron density of up to 6
X 10'* cm™* and at temperatures of ~40 K, as shown in the 2D
plot of the dimensionless parameter (n, n,) in the bottom
right panel of Figure 11e for ngn, = 1:1 (with (n, n,) = (I;(n,
n,) — L(n)I(n,))/1,(0, 0), I(n, n,) the total exciton PL
intensity and I,(n,) (I,(n,)) the PL intensity of the exciton
from only the top (bottom) MoSe, layer when its electron
density is n, (n,)). The estimated phase boundary between an
electron solid and a liquid, ie, (n, n,) = 0 (dashed line),
resembles the theoretical melting curve calculated for a Wigner
crystal (right panel of Figure 11e).'”

Emergent States in Fermion-Doped TMD Moiré Hetero-
structures. A simple model to capture correlated electron
phenomena in crystals is to extend the tight-binding model, in
which all electron hopping processes have a kinetic energy —t,
by introducing an on-site Coulomb interaction energy
U,"%°7'% as depicted in Figure 12a). This is the Hubbard
model. The Hubbard Hamiltonian is

H= t i, Ci CJ + U ini I']i i(l’]i ni ), with adja-
cent site indexes i and j, spin index , ¢; (¢ ) the operator

to create (destroy) an electron of spin  on lattice site i, and

N = ¢ ¢ the number operator. The first term describes the
kinetic energy, the second the interaction energy, and the third
the chemical potential which controls the filling factor ( ). The
situation where the filling is one electron per site is typically
refereed to as half-filling factor ( = 1/2).

Similar to the emergence of strong correlations in a 2DES,
the exchange interaction dominates over the kinetic energy,
when U/t > 1 strong correlations emerge in the Hubbard
model. Because of the simplicity of the model, it provides
valuable insights into emergent phases, including insulating,
magnetic, and superconducting effects in quantum materials.
For instance at = 1/2, it can be shown that a Mott insulator
emerges, which is important in the context of high-temperature
superconductors.'* This result is simple conceptually: at
1/2 an electron can only hop to a site if it is already occupied.
This costs an energy U. Hence, an energy gap U opens up at
= 1/2, creating a Mott insulator. However, uncovering the
magnetic phase of the Mott insulator becomes nontrivial. In
general, the Hubbard model is nontrivial to solve in two- or
three-dimensions, and a wide range of techniques (mean field
or field theory approaches or numerical approaches such as
diagonalization or quantum Monte Carlo) have been used.
Experimentally probing the model is also challenging, due to
the limited range of parameter control in conventional
quantum materials. Motivated by this, quantum simulation of
the Hubbard model with ultracold Fermions in optical lattices
has materialized, with length scales on the order of 1 m,'®
compared to angstrom-scale length scales in the solid-state.

The 2D moiré superlattices formed by stacking two ML
TMDs together provide an approach to create triangular
Hubbard model simulators with an impressive range of
tunability.190 The length scale, on the order of 10 nm, is
precisely tunable by the combination of lattice mismatch and
rotation angle between the two layers, while the filling factor
can easily be tuned from < —1to > 1 (hole-doping to
electron doping), creating a straightforward means to tune U/t.
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Further, the choice of TMD material combinations (including
homobilayers or heterobilayers) allows tuning the moiré
potential depths, which can strongly affect the phase diagram.
Theoretical work to understand the emergent phases and their
dependence on the wide range of parameters is only just
beginning,'?' 1%

Equally, there has been an explosion in experimental efforts
recently, with several early efforts investigating gated WSe,/
WS, moiré superlattices.'”’~*°" In these initial works, the two
TMD monolayers are closely aligned (~0 or 60° relative
twist), such that the moiré periodicity (~8 nm) is largely
determined by the lattice mismatch (~4%). These hetero-
structures feature type II band-alignment and flat-bands
(Figure 12b). With this system, Tang et al. characterized the
phase diagram of strongly correlated holes as a function of
observing a Curie—Weiss behavior in the temperature
dependence of the exciton Zeeman splitting (see Figure
12¢). Interestingly, it was observed that the Weiss constant
changes sign from negative to positive around —0.6,
consistent with a quantum phase transition from AF to FM
ordering. Tang et al. also observed the Mott (or possibly
charge transfer)'”" insulating state at = 0.5 in a transport
experiment and correlated this with an observation of
signatures of charge-ordering in the differential reflectivity of
the intralayer excitons as a function of .'”” Regan et al.
developed an optical technique to detect charge-ordered states
in the flat valence-band at = —1/6, —1/3, and —1/2."°% The

= —1/6 and —1/3 states likely represent Wigner crystals,
while the —1/2 state is the Mott or charge transfer
insulator. Further, low-energy spin dynamics in the charge
ordered states were observed using a pump—probe experiment
to probe circular dichroism resulting from spin-ordering.'”®

Building on these initial observations, WSe,/WS, moiré
heterostructure device, with a nearby ML WSe, sensor, was
used to discover a number of correlated states at
commensurate filling fractions. The charge ordering of these
states is symmetric about =+ 1/4 and are proposed to range
from generalized Wigner crystals to charge density waves (see
Figure 12¢)."? This stunning observation highlights the
versatility to engineer and the power to optically probe
emergent states in TMD moiré heterostructures. Jin et al. have
recently characterized in-depth the properties of these strongly
correlated states by combining optical anisotropy and
electronic compressibility measurements.””’ They find a strong
electrical anisotropy, maximum at = 1/2, which is assigned to
an insulating stripe phase. Further, wide-field imaging of the
stripe phase domains reveals preferential alignment along the
high-symmetry axis of the moiré superlattice. These results
provide insight into the phase diagram of the extended
triangular Hubbard model. Finally, recent results highlight the
possibility to observe correlated states at fractional fillings in
the PL emission of interlayer excitons.””' Interlayer excitons,
Coulomb bound electrons and holes spatially separated in
different monolayers, arise in TMD heterobilayers due to the
type-II band alignment. In contrast to optical signatures of
emergent phases in the reflectance contrast of intralayer moiré
excitons, interlayer exciton PL provides access to the valley (K
and —K) dynamics of excitonic states in the moiré superlattice.
First indications are that the fractional states, with their
insulating nature, can also enhance the intervalley scattering
and suppress the valley polarization.””"

TMDs as Sensors of Emergent States. The 2D nature of
ML TMD semiconductors endows excitons in these systems

https://doi.org/10.1021/acsnano.1c09150
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Figure 13. (a) Top: Schematic illustration of electron—hole pairs forming 1s and 2s excitonic states in a 2D dielectric slab. Adapted with
permission from ref 151. Copyright 2014 American Physical Society. Bottom: Theoretically calculated energies of the bandgap and exciton
states in a WS, ML as a function of inverse squared external dielectric constant. Shaded areas indicate fluctuations from variations of the
external screening. Adapted with permission from ref 202. Copyright 2019 Springer Nature. (b) Schematic of a device heterostructure to
demonstrate the sensing capabilities of excitons in ML WSe,. (c) Reflectance contrast of the 1s (left) and 2s and 3s (middle) excitonic
transitions in the WSe, sensor, and the 1s exciton in the WS, sample as a function of the applied gate voltage (i.e., the electron concentration
in WS,). (b) and (c) Adapted with permission from ref 199. Copyright 2020 Springer Nature. (d) Left: Reflective magneto-circular
dichroism as a function of magnetic field (bottom) measured in a monolayer WSe, and trilayer Crl; heterostructure, depicted above
schematically. Orange and green curves represent magnetic field sweeping up (increase) and down (decrease), respectively. Right: Schematic
of a ML WSe, and bilayer Crl; heterostructure (top). The layered AF spatial domains that are indistinguishable by reflective magneto-
circular dichroism can be resolved by circular polarization-resolved PL from WSe, (bottom). Adapted with permission from ref 203.
Copyright 2020 Springer Nature. (e) Measurement of the CrBr; magnetization 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 from ref 204. Copyright 2020

American Physical Society.

with properties that differ fundamentally from those of the
corresponding bulk semiconductor. A particular property of
excitons in 2D semiconductors such as ML TMDs is that the
electric field lines joining the bound electron—hole pairs
(which are strongly confined to the plane of the atomically thin
ML) extend outside the 2D semiconductor slab (see top panel
151

of Figure 13a.”" This property makes excitonic transitions in
ML TMDs very sensitive to their surroundings, since moderate
changes of the local dielectric permittivity in the vicinity of the
ML lead to dielectric-induced renormalizations of both the
electronic band gap and the exciton binding energy by
hundreds of meV."" The bottom panel of Figure 13a
summarizes these effects for ML WS,, a typical 2D TMD.
The figure shows the theoretically calculated energies of the
band gap and both the ground and first excited exciton states
of ML WS, (denoted by their principal quantum numbers of n
= 1 and 2, respectively) as a function of the inverse squared

. . 202
external dielectric constant.

Such sensitivity of excitonic
transitions in 2D TMDs to their dielectric environment has
been exploited to realize an in-plane dielectric heterostructure

with a spatially dependent bandgap'*” and to monitor the
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dielectric disorder in semiconducting nanostructures with
micrometer spatial resolution.***

In addition to the previously mentioned applications, the
sensing capabilities of ML TMDs can also be harnessed to
explore the emergence of correlated many-body states in vdW
heterostructures. Xu et al. have recently unveiled an abundance
of correlated insulating states at fractional fillings in a WSe,/
WS, moiré superlattice'”” by optically probing the resonance
energy and oscillator strength of the exciton excited states of a
ML WSe, sensor placed in close proximity to the TMD
heterobilayer. Figure 13b shows a sketch of the device
employed by Xu et al, in which a WSe, ML was separated
from a WSe,/WS, heterobilayer by an hBN spacer with a
thickness of 1 nm.'”” Figure 13c shows a proof-of-concept
example of the sensing technique in a control device similar to
the one depicted in Figure 13b, in which the TMD
heterobilayer was replaced by a WS, ML. This figure shows
the reflectance contrast of the excitonic transitions of both the
WSe, sensor and the WS, sample as a function of the applied
gate voltage (i.c., the electron concentration in WS,). While the
energy of the 1s excitonic transition in the WSe, sensor shows
negligible dependence with the applied gate voltage (left

https://doi.org/10.1021/acsnano.1c09150
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panel), the behavior of the 2s and 3s charged exciton states in
the WSe, sensor (middle panel) mirrors that of the 1s exciton
in the WS, sample (right panel). These results not only
demonstrate the potential of the optical sensing technique
enabled by excitons in TMDs but also highlight the further
sensing capabilities of the exciton excited states (n = 2, 3)
compared to the ground state (n = 1). The origin of the better
sensing capabilities of the excited excitonic transitions is two-
fold: First, the exciton excited states (2s, 3s, and so on) have
Bohr radii many times the ML thickness, which allows them to
sense the dielectric permittivity of nanostructures placed a few
nm away from the layer. In contrast to the excited states, the
Bohr radius of the ground exciton state is typically of the order
of the ML thickness,'®® which restricts the dielectric sensing to
layers in direct contact with the sensor. Second, as shown in
the bottom panel of Figure 13a for ML WS,, the excited-state
excitonic resonances follow the external screening—induced
variations of the band gap to a much larger extent,” > which
results in a larger sensitivity to small variations of the local
dielectric environment.

The potential of ML TMDs as atomically thin sensors for
emergent correlated and magnetic phases in vdW materials and
related heterostructures is not restricted to detecting variations
in their dielectric surroundings. Both the proximity-induced
exchange interaction and the charge transfer between vdW
ferromagnets and ML TMD semiconductors can also be
exploited to probe the magnetic phases of the atomically thin
magnetic materials.””*”?% An interface between a vdW
ferromagnet such as Crl; or CrBr; and a TMD semiconductor,
such as MoSe, or WSe,, results in a type-II band structure
alignment, where the lowest conduction band is in the
magnetic material.”” Since the relevant conduction bands in
Crl; and CrBr; are spin polarized, the type-II band structure
leads to a spin-dependent charge transfer between the TMD
and the 2D ferromagnet, resulting in a large spontaneous
exciton valley-spin polarization in the TMD.”*® The top left
panel of Figure 13d shows the sketch of a ferromagnet/TMD
vdW heterostructure in which a WSe, ML was employed to
monitor the layered antiferromagnetism of a trilayer Crl;.*"
By measuring the reflective magneto-circular dichroism of ML
WSe, as a function of applied magnetic field at 15 K, the
authors where able to observe three transitions in the
magnetization of Crl; (see bottom left panel of Figure 13d),
with each transition corresponding to a flip in the magnet-
ization of a single Crl; layer. Moreover, the fast spin-polarized
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electron transfer between the Crl; layer in contact with the
WSe, ML also enabled the use of WSe, as a magnetic sensor to
map out layered AF/FM spatial domains at zero magnetic field
as well as at finite magnetic fields in bilayer Crl;/WSe,
heterostructure (see right panels of Figure 13d).

Finally, in 2D ferromagnet/TMD heterostructures, the 2D
ferromagnet also induces a magnetic exchange field (proximity
effect) in the adjacent TMD, which gives rise to a sizable valley
Zeeman splitting for excitonic transitions in the TMD.**~*"
Such proximity-induced magnetic effect has also been
exploited to monitor the FM properties of CrBr; (see Figure
13¢).204208

Raman Spectroscopy of 2D Magnetism: Exploring
Lattice, Spin, and Charge Interactions. Magnetism in 2D
Magnetic Atomic Crystals. Recently, a long-sought-after
member of 2D material family, 2D magnetic atomic crystals,
have been discovered in several mechanically exfoliated vdW
magnetic materials, including both EMO121477:209 454
AR gpeg 12213214 Among the 2D magnets revealed
so far, Crl; is of particular interest and extensively explored,
because its layer-dependent magnetic states in ultrathin flakes
can be controlled by external magnetic field,"*™'*"*" electric
field,*” electrostatic doping,'' and hydrostatic pressure,””
which immediately triggered tremendous interest in employing
2D magnetism in spintronics applications such as spin
filters'*~'“"** and transistors.>”""

Optical spectroscopy has played an unmissable role in the
discovery and exploration of 2D magnetism. MOKE and MCD
have provided direct experimental evidence for 2D FM orders
in mono- to few-layer Crl,"* MnBi,Te, >’ Cr,Ge,Te," and
Fe,GeTe,.”” Spontaneous helical PL has shown the impact of
FM on the electronic states in 2D magnetic semiconductors
such as Crl;.”"° Giant nonreciprocal second harmonic
generation (SHG) has also shown the outstanding magnetic
contribution to the nonlinear optical effects in noncentrosym-
metric 2D magnetic states such as even number-of-layer Crl;**
and MnPS;.”'® Raman spectroscopy in fact has provided the
earliest, although indirect, experimental signatures of zone-
folded phonons in the search of 2D AF orders in (Fe, Mn,
Ni)PS;***'%7*"* and has revealed the anomalous magneto-
Raman effects in layered AF materials of Crl;*'"~>** and
VI, 25

Comparing to the static optical probes of MOKE, MCD and
magnetic SHG that primarily focus on the broken time-reversal
and/or spatial point symmetries of magnetic orders, Raman

https://doi.org/10.1021/acsnano.1c09150
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channel. (c) Raman spectra taken on bulk Crl; in LL and LR channels at 7 T. (d—f) Magnetic field dependence of selected A, and E, phonon
modes. (g) A schematic illustration of the monoclinic distortion across the layered surface AF to FM transition. Adapted with permission
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spectroscopy takes the dynamic perspective in examining 2D
magnetic materials, probing collective excitations including
phonons in Crly, VI, Fe;GeTe,, Cr,Ge,Tes and (Fe, Mn,
Ni)PS;, magnons in Crl;, VI;, and (Fe, Mn, Ni)PS;, polarons
in Crl;, etc., identifying the symmetry properties of both the
crystallographic and magnetic structures, and resolving the
coupling among lattice, charge, and spin degrees of freedom
such as electron—phonon coupling and spin-phonon coupling.
Comparing to the dynamic probe of helical PL that results
from the carrier recombination across the semiconducting gaps
(~1 eV energy scale), Raman spectroscopy focuses on low-
energy (~2—3000 cm™') collective excitations from the
ordering of lattice, spin, and charge and works well for
metallic, semiconducting, and insulating 2D magnetic materi-
als.

In the following, we review three types of phonon-related
collective excitations, using specific examples in bulk and few-
layer Crl;. First, we look at the conventional phonons in Crl;
and show its evolution across the magnetic-field-induced
magnetic phase transition. Second, we discuss the anomalous
magneto-Raman effect reported in Crl; by multiple
groups”'’/~*** and settle down its origin as the static layered
AF order coupled with finite-momentum phonons. Third, we
review the Raman scattering between phonon-dressed exciton
states in Crl; and show its response across thermal and
magnetic-field-induced magnetic phase transitions. We have
reserved the discussion on magnons in Crl; for the
Heterostructures, Twisted Layers, and Interfaces section.

Phonons and Structural Phase Transitions in Crl. Figure
14a shows the top view of the Crl; monolayer. The Cr’*
cations form a honeycomb structure with edge-sharing
octahedral coordination formed by six I anions. In bulk
Crl;, the as-grown Crl; single crystal has a monoclinic
structure (space group C2/m, point group C,,) at room
temperature, with the adjacent layers shifted along the a-axis
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direction by 1/3 lattice constant (Figure 14b), and undergoes a
first-order structural phase transition to a rhombohedral
structure (space group R3, point group Cj) at a critical
temperature T ~ 200—220 K, with the layers stacked in the
ABC sequence (Figure 14c). Unlike bulk Crl;, few-layer Crly
does not experience such a structural phase transition even
when the temperature is lowered to S K, suggesting that the
monoclinic structure persists down to low temperature of 5 K.

Raman spectroscopy has been used to track the temperature
dependent structural phase transition in bulk Crl;*'***° and to
identify the monoclinic structure of few-layer Crl;.”** Below
T, the Raman scattering off the rhombohedral lattice (Cj;)
reveals phonon modes of Ag(C3i) and Eg(C3,-) symmetries with
corresponding Raman tensors of the form

00 d e ¢ f
Ay(C3): a 015_;,1(%)3 ¢ f3E,Cy): fic de
0b f 0 fe

Above T, the Raman active phonons of the monoclinic
structure are of A(C,;,) and B,(C,;,) with Raman tensors of the
form

0c

b 03 B,(Cy):
0d

Ag (CZh):

The difference in the Raman response between the two
phases contains two aspects. First, one would expect the
selection rule difference in the A, phonons which is isotropic
and only present in the linearly parallel channel for A,(C;,) but
anisotropic and could appear in both linearly parallel and
crossed channels for A,(C,,). Second, one could observe the
degeneracy lift from the doubly degenerated E,(Cs;) phonons
into the nondegenerate A,(C,,) and B,(C,,) phonons. While
the interlayer stacking induced phase transition is hardly

https://doi.org/10.1021/acsnano.1c09150
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reflected in the selection rule of A, phonons, it is well captured
by the degeneracy lift of the ngc3,.) phonons. Figure 14d,e
shows the polarization dependence of the Eg(C3i) modes at S K
and the A,(Cy;) and B,(C,,) phonons at 280 K in bulk Crl,,
clearly showing the mode splitting and the selection rule
symmetry reduction for the case at 280 K. Same polarization-
dependent measurements on Crl; thin flakes, however, show
no distinct behaviors at S and 280 K (Figure 14fg) and
resemble that of bulk Crl; in the monoclinic phase above T
(Figure 14e), which confirms the monoclinic structure down
to the 5 K in few-layer Crl;.

In addition to the structural evolution as a function of the
temperature and thickness, Crl; undergoes a magnetic phase
transition across a critical temperature of T, 3, = 61 K for bulk
Crl; and T, ,p, ~ 45 K for 2D flakes. The 2D magnetic phase in
few-layer Crl; has been shown to be a layered AF state where
the S = 3/2 spins at the Cr’" sites align ferromagnetically
within the layers and antiferromagnetically between adjacent
layers."* The 3D bulk magnetic phase was believed to be a FM
state within and across layers”>” and has been recently revised
to a hybrid surface layered AF and deep bulk FM state.”'® The
difference of the interlayer magnetic exchange coupling
between few-layer 2D (and surface of 3D) and deep bulk 3D
Crl; has been attributed to the stacking difference, ie,
monoclinic for interlayer AF and rhombohedral for interlayer
FM.””® When an external out-of-plane magnetic field is
applied, a layered AF to FM phase transition across critical
fields of B, has been observed for both few-layer and bulk
Crl,."* One natural question would be how the crystal
structure responds to this magnetic field-induced layered AF to
FM magnetic phase transition, which can be addressed by
tracking the magnetic field dependence of the phonon modes.

Figure 15a,c shows Raman spectra in the circularly parallel
(LL) and crossed (LR) channels taken at 10 K and 0 and 7 T
in bulk Crl;, with L(R) standing for left-(right-)handed
circularly polarized light. Consistent with the Raman tensors of
the rhombohedral crystal structure, A, and E, phonon modes at
0 T are observed exclusively in the LL and LR channels,
respectively, while another two time-reversal symmetry broken
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modes (labeled as M) with antisymmetric Raman tensor of the

1
form gm r8n § is only present in the LL channel. The
magnetic field dependence of Raman spectra in the LL channel
is displayed in the false color map in Figure 15b, showing
abrupt changes in the phonon intensities at a critical field B, =
2 T corresponding to the surface layered AF to FM phase
transition. The phonon intensities can be extracted from the
Raman spectra in both channels and plotted against the
applied external fields (Figure 15d—f). Three types of phonon
selection rule evolution support a monoclinic structural
distortion above B, (shown in Figure 15d—f). The first type
is the leakage of A, phonons (eg, at ~129 cm™) into the
originally forbidden LR channel at B > B, (Figure 15d),
corresponding to the Raman tensor form changing from

E 0 8' E 0 0
a : to a 0
0 b: 0 b
structural distortion. The second type corresponds to the
appearance of E, phonons (eg, at ~109 cm™) in the LL
channel at B > B, (Figure 1S5e), reflecting the evolution from
Eg(C3i) into Ag(Czh) upon a monoclinic distortion. The third
type features the E, phonons remaining in its original LR
channel but experiencing an abrupt change in intensity (Figure
15f), corresponding to the transformation of E,(C;) into
Bg( C,;,) across a monoclinic structural phase transition (Figure
15g).18

It remains to be determined thus far whether this monoclinic
structural distortion is also present in few-layer Crl; and how
to understand this structural monoclinicity in the magnetic
field-induced FM state in the context of monoclinic structure
leading to layered AF at zero field. Nonetheless, ordinary
phonons probed by Raman spectroscopy are sensitive
indicators of structural changes and can be exploited in
studying lattice-magnetism coupling in 2D magnetic systems
beyond Crl,.

Time-Reversal Symmetry Broken Static Layered Anti-
ferromagnetic Coupled Phonons in Crls. In few-layered Crls,
a time-reversal symmetry broken phonon mode with an

iand corroborating with the monoclinic

https://doi.org/10.1021/acsnano.1c09150
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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
field dependence of the four phonons of 4L Crl;, U,_,, in the RR channel. Adapted with permission under a Creative Commons CC-BY
license from ref 219. Copyright 2017 National Academy of Sciences.

antisymmetric Raman tensor has been observed in the close
proximity to a fully symmetric A, phonon mode at ~129 cm™.
Moreover, it introduces exceptionally large polarization
rotation in monolayer Crl; (Figure 16a), shows distinct
magnetic field dependence from the A, phonon in bilayer (2L)
Crl; (Figure 16b,c), and exhibits more complex Raman
spectral shape and magnetic field dependence in thicker Crl,
flakes (Figure 16d), therefore generally referred as anomalous
magneto-Raman effect.””' —***

A layered magnetism-coupled phonon scattering mecha-
nism, in combination with Davydov splitting, is proposed to
account for this observed anomalous magneto-Raman effect in
2D Crl; of arbitrary thickness. Figure 17a shows Raman
spectra taken on 1—4L Crl; in both linearly parallel and
crossed channels at 10 K and 0 T. One can see three
prominent features in these layer-number dependent Raman
spectra: First, the total number of phonons increases
proportionally to the number of layers; second, the highest
frequency remains constant while the lowest frequency
decreases monotonically at higher layer numbers; and third,
the parallel and crossed channels select the same (distinct)
frequency mode(s) in Crl; with odd(even) number of layers. A
simple linear chain model of N-layer Crl; of Hamiltonian,
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H= iNzl(%mui2 + %kouiz) + % iN=2 kQu; 4
to compute the Davydov splitting of the single A, phonon
mode into N phonon multiplets (i.e, N eigenvalues and N
eigenvectors), where u; represents the displacement field in the
ith layer, and k, and k stand for the coupling constant within
each layer and between adjacent layers, respectively. Among
these N eigenvectors U(i = 1, 2, 3, ..., N) for N-layer Crlj,

the highest frequency mode Uj (i.e,, i = 1) features the in-phase
atomic displacement of the A, phonon of monolayer across all
N layers and is even under spatial inversion symmetry
operation (ie, parity even) whereas the lowest frequency

u)? is used

mode Uy (ie, i = N) has out-of-phase atomic displacement
between adjacent layers and is parity even (odd) for odd
(even) N (see Figure 17b). For this, one would expect that the

frequency of Uj(Uy) keeps unchanged (decreasing) with
increasing N because its in-phase (out-of-phase) atomic
displacement saves no (most) energy from the interlayer
coupling.

In the linearly parallel channel, one expects the ordinary
phonons with symmetric Raman tensor (Rg) of parity even A,
symmetry because N-layer Crl; has centrosymmetric crystal
structures. These include every other phonon modes starting

https://doi.org/10.1021/acsnano.1c09150
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from the highest frequency one (ie, i = 1, 3, S, ...), as is the
case in Figure 17a that the linearly parallel channel picks U; for
1L and 2L and U, 5 for 3L and 4L.>" In the linearly crossed

channel, the measured modes have antisymmetric Raman
tensors (R,g) and therefore contains at least one copy of static
layered magnetic order contributing to the scattering process (
Rps UM, where U is the it
M=, 1,1 ... D" Yisthe axial vector for the layered
AF order in N-layer Crl;). Because the layered AF order is
parity even (odd) for odd (even) N, it should pair with the
parity even (odd) phonon modes for odd (even) N to restore
the centrosymmetry of the layered magnetism-phonon coupled
entity, leading to the crossed channeling selecting the modes
same as (complementary to) those in the parallel channel for
odd (even) N.

Based on this formalism of Davydov splitting and layered
magnetism-assisted phonon scattering, the complex magnetic
field dependence of thicker Crl; can be explained in a unified

eigenvector and

way as that of bilayer Crl;. For every Davydov split mode U, its
Raman tensor is composed of the conventional pure structural
contribution of the symmetric Raman tensor (Ré) and the
layered magnetism-coupled phonon contribution of antisym-
Ré + iR,iASx where

metric Raman tensor (Rys), ie, R

Rg

ﬁ gi iis magnetic field independent and is only present

for parity-even modes, Rys  U*M which changes across the
critical magnetic fields B, and ; is ratio of the magnetic to
structural contribution for the ith mode that depends on
microscopic parameters such as spin—orbit-coupling. Taking
4L Crl; as an example, it undergoes two magnetic phase
transitions at critical magnetic fields of B,; = 0.7 T and B, =
1.6 T, across which M changes from (1, —1, 1, —1) to (1, —1,
1,1) to (1, 1, 1, 1). Figure 18a shows selected Raman spectra
taken on 4L Crl;at 0 T (B<B,),1 T (B, <B<B,),and2 T
(B > B,,) at 10 K in the circularly parallel RR channel. Three
(U, U, and U,) out of four modes are resolved, as U, is
spectrally very close to U, and gets overwhelmed by the much
stronger U;. The Raman spectra in three magnetic field ranges
show clearly distinct spectral shape that results from changes in
the relative spectral intensity of the three modes. Careful
magnetic field dependent mode intensities are shown in Figure
18b for the three observed modes, well capturing the critical
fields of B,; and B, and displaying different field dependencies.
Looking at Rjs for different modes in different magnetic field

region (i.e., different M) in Figure 18c, one can see that Ryg is
nonzero for U, and U, at B < B, for all four modes at B, < B
< B, and for only U, at B > B, as summarized in Figure 18d.
By just tuning the ratio ; and the overall intensity a;, the
computed magnetic field dependence of U,_, in Figure 18e
well matches the experimental data.

The detection of this time-reversal symmetry broken layered
magnetism-coupled phonon in few-layer Crl; is a kind of
phonon excitation found in such layered magnets. It
distinguishes from the Davydov split in few-layer TMD
semiconductors by having the magnetic contribution and
also differentiates from the AF order-induced zone-folded
time-reversal symmetric phonons in (Ni, Fe)PS; by breaking
the time-reversal symmetry.

Polaronic E ect of Excitons in Crl;, The PL spectra of
monolayer Crl; shows a large Stokes shift, broad line width,
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and skewed line shape, ascribed to the strong electron—
phonon (e-ph) coupling present in 2D Crl;.*'* Such strong e-
ph coupling is further observed in wide-range (70—1100 cm™")
Raman spectra taken on 2L, as well as few-layer, Crl;, as a
series of periodic broad modes up to the eighth order at low
temperature.220

Absorption spectroscopy of 2L Crl; features three
prominent broad peaks at 1.51, 1.96, and 2.68 eV,”*® whose
line shape matches well with the reported differential
reflectance spectroscopy in monolayer Crl;*'> These three
peaks were originally assigned to be the ligand-field electronic
transitions in the differential reflectance study and are revised
to be bright exciton states by first principle GW and Bethe—
Salpeter calculations.””” By choosing the Raman excitation
energy matching the charge transfer exciton at 1.96 eV, a clear
periodic modulation is observed in the low intensity part of the
Raman spectra, which extends up to the eighth order at 10 K
and sixth order at 70 K and spans a wide frequency range of
70—1100 cm™ in 2L Crly (Figure 19a). Please note that the
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Figure 19. (a) Raman spectra of 2L Crl; taken at 10 and 70 K with
an excitation wavelength of 633 nm. Solid orange lines are fits to
the raw Raman spectra, using a sum of N Lorentzian profiles and a
2
N A':SZNJ(ZL B + C. (b) Histogram
plot of the fitted Lorentzian mode intensity (Ay) as a function of N
at 10 and 70 K. Solid curves are fits of the peak intensity profiles to
N

ET. (c) Plot of 2D e-
ph coupling constant ( ,p) as a function of temperature. The
dashed vertical line marks the magnetic onset T¢ = 45 K. Adapted
with permission under a Creative Commons CC BY license from
ref 220. Copyright 2020 Springer Nature.

constant background,

the Poisson distribution functions, Ay = A,

phonons and the layered magnetism coupled phonons
reviewed in the two subsections above are all within the
frequency range of 70—180 cm™'. By fitting the periodic
modulation with broad Lorentzian profiles, the characteristic
parameters, central frequency y, mode intensity Ay, and line
width I'y, for the Nth mode can be extracted. A further linear
fit of  as a function of N leads to the extracted periodicity of

120.6 + 0.9 cm™ whose energy matches that of the E, LO

https://doi.org/10.1021/acsnano.1c09150
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phonon in the phonon calculations.””” The broadness of each
mode in the periodic modulation precludes the phonon origins
and instead suggests the electronic origin, for which the Nth
mode is interpreted as Raman scattering off the exciton states
dressed by N E, LO phonons, with its energy agreeing with N
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 polaronic effect of charge
transfer excitons in 2L Crl; (as well as few-layer and bulk
Crl,).

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

N

Ay = AOeT, where A, is the peak intensity of the original
electronic band, Ay is the peak intensity, and is the e-ph
coupling in 3D (i.e, ;p) that can be scaled by a factor of 3 /4
for 2D (ie, ,p)**° (Figure 19b). The temperature depend-
ence of ,p shows a clear onset at the magnetic onset
temperature Tc = 45 K, and ,p at 10 K increases by nearly
50% from that above T. (Figure 19c). The significant
enhancement of the e-ph coupling in the magnetic state
suggests an intimate coupling among charge, lattice, and spin
degrees of freedom.

From the magnetic-field-dependent Raman measurements of
the polaronic effect, one can see a spectral degeneracy in the
two circularly parallel polarized channels (RR and LL) at 0 T,
but a dramatic and opposite dichroism between RR and LL
spectra at 1 T and —1 T (Figure 20a). By measuring the
Raman spectra at fine steps of the magnetic field and fitting
them with the Lorentzian profiles and then the Poisson
distribution functions, the overall spectral intensity Ay(B) in
the RR and LL channels remains the same below B, = + 0.7 T
and changes abruptly to different values above B, with opposite
relative strength under opposite magnetic field directions
(Figure 20b). The magnetic field dependence of A, well
captures the layered AF to FM transition at B, and the
dichroic behavior between RR and LL above B, is consistent
with the net magnetization present in the FM state. The e-ph
coupling ,, however shows no observable magnetic field
dependence (Figure 20c), suggesting that the interlayer
magnetic order barely affects the e-ph coupling strength that
contains the intralayer phonons and excitons.

Although electronic Raman scattering often has a much
weaker scattering cross section, it provides a perspective to see
the electronic dynamics and its coupling to other collective
excitations within the system. The polaronic effect in Crl,
reviewed here is the beginning of using electronic Raman
scattering to study 2D materials.

Magnetic Birefringence and Photoluminescence
Spectroscopy of 2D Magnetism. Magneto-optical charac-
terization of atomically thin magnetic layers has proven to be a
versatile tool for inspecting the magnetic interactions between
localized magnetic moments in a crystal lattice. In a general
view, nonzero net magnetization gives rise to birefringence
effects when the magnetization impacts the polarization state
of photons during reflection and/or transmission events. In a
commonl?r used backscattering geometry, one can realize
MOKE™>" or refractive magnetic circular dichroism (RMCD)
experiments to get insight into the arrangement of magnetic
moments in single-layer (1L) or multilayer films. The MOKE

6985

400
(a) I YT
300+ I }j “ RR
200 || I\ j ! b il VM — s
100}V, J,i"‘w LTS \,m)' «"1"” h\W"‘"‘“’“«wwww
[© N My P AN, kAR
/G_O\ 0 . T T = T Al T = . Ii”"
£ 00 5
=0T
I | 11
g 300 RR
3 2004 i —LL
2 100 :
a et W TRy
é O T : T T T - T T
= 400 ‘
f B =-1T
300 , i A B
( | I ! )Hr L —— RR
2004 f |\ [ ‘1 N A ) — Lk
100, MJ wa [t F Tt e bt
0 j\ﬂh Pty v WMM’ APty
T T T T T T T T T
100 200 300 400 500 600 700 800 900
Rarnan shift cm”)
(bl 1200 5 (©) 304 —
[2) i
£ 1000 ‘%ﬂi} i T ) RR
S 800+ s 4?*; = it P i :
S 600 ‘5\ %’,‘?‘“4@' i é‘m&h@%i@ﬁhﬁﬂﬂﬁﬂ#
3 Eﬂ! o 1 ) § 1.0
< 400 'ilmﬁj, iy ]
< ¢
2004 " 0o -
40 00 1.0 40 00 10
B, (T) B (T)

Figure 20. (a) Raman spectra of 2L Crl; acquired at 10 K in the
RR and LL polarization channels with an applied out-of-plane
magnetic field (B;) of 1 T (top), 0 T (middle), and —1 T
(bottom), respectively. (b, c) Plots of the Poisson fit amplitude A,
(b) and the 2D e-ph coupling strength ,;, (c) as a function of the
applied B, in the RR (orange data points) and LL (blue) channels.
Solid lines are step (orange and blue in b) and linear (gray in c)
function fits to the magnetic field dependence of A, and ,p,
respectively. Adapted with permission under a Creative Commons
CC BY license from ref 220. Copyright 2020 Springer Nature.

technique relies on the observation that upon reflection from a
layer, characterized by a finite net magnetization, additional
phase arises between circularly polarized photons with left and
right helicity, resulting in the rotation of a linear polarization
axis between the incident and reflected photons. The RMCD
technique is based on a difference in the absorption coefficient
for circularly polarized photons with left and right helicity for a
layer with a finite net magnetization, which creates nonzero
circular polarization degree within reflected light beam.

Both types of experiments can demonstrate the existence of
net magnetization in monolayer and multilayer films as
illustrated in Figure 21 for Crl; crystals. The evolution of
the birefringence effects (Kerr rotation angle in MOKE
experiments” or circular polarization degree in RMCD
experiments)’’ with an external magnetic field applied
perpendicularly to the plane of the magnetic layers, uncovers
hysteric behavior characteristic of FM interactions for films
with an odd number of layers (1L and 3L presented here). For
bilayers and trilayers, an AF interlayer coupling is observed
until a sufficient external magnetic field is applied to flip the
orientation of magnetization in individual layer(s). A general
view of magnetic interactions in thin films of Crl;, which arises
from birefringence effects, is that individual atomic layers host
magnetic moments that are coupled via in-plane FM
interaction and that the character of the interlayer coupling

https://doi.org/10.1021/acsnano.1c09150
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Figure 21. Birefringence effects in atomically thin Crl;. (a) The measurement of Kerr rotation angle in external magnetic field reveals finite
magnetization in Crl; monolayers.’ The inspection of Crl; multilayers demonstrates AF interlayer coupling in (b) bilayers and (c) trilayers.”
Panels (a—c) adapted with permission from ref 5. Copyright 2017 by Springer Nature. (d, e) Qualitatively, the same behavior for atomically
thin layers is observed when inspecting MCD."®> Adapted with permission from ref 13. Copyright 2018 AAAS.

in N-layers (N > 2) depends on N. The type of interlayer
coupling is likely determined by the different stacking
displayed by thin and thick Crl; films.>**

Notably, the quantitative analysis of the relation between the
birefringent effects and magnetization is more challenging in
2D magnets than in their 3D counterparts. For example, upon
a single reflection from a surface of a 3D magnet, the Kerr
rotation angle is proportional to the net magnetization ( g o
M) as a result of Maxwell's equations. In case of 2D films,
multiple reflections from individual layers combined with
potential limitations to the applicability of Maxwell's equations
in atomic scale may lead to much more complex (M)
functions.

An alternative probe into the magnetic effects related to the
macroscopic alignment of magnetic moments comes from the
inspection of magneto-PL.*"> Crl, crystals are formed via ionic
bonds which lead to a band structure characterized by flat
bands composed predominantly of Cr** ions’ d-orbi-
tals.”””***=**? Consequently, the photoexcited electron—hole
pairs are strongly localized in a way that the Bohr radius
becomes comparable with the size of a unit cell in the crystal
lattice. The PL response of Crl; appears therefore, character-
istically for molecular-like excitation, in form of broad emission
bands originating from the coupling between the electronic
states with vibrational motion of the crystal lattice. The
observation of the circular polarization degree of the emitted
light in external magnetic fields is consistent with the
birefringence effects, as illustrated in Figure 22 for monolayer
Crl;. Such finding is indicative of an efficient coupling between
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the band carriers with the localized magnetic moments of the
Cr’* ions.

Challenges and Perspectives. Magneto-optical spectros-
copy techniques have made significant contributions in
revealing and investigating emergent 2D magnetic phases in
both strongly correlated TMD heterostructures and natural 2D
magnetic atomic crystals.

One the one hand, while TMD heterostructures have proven
a rich test bed to optically explore emergent correlated
phenomena in 2D systems, so far the material choices have
been quite limited. This platform is ripe for many discoveries
of unexplored phase diagrams of interacting electrons in
tailored lattices. The robust excitons in TMDs present a large
sensitivity to their surrounding magnetic and dielectric
environment, which, together with their spin-selective coupling
to photons, can help to probe and sense a variety of emergent
magnetic phases either within the TMD themselves or in other
nearby 2D vdW materials via optical spectroscopy. The ease of
the “pick and place” stacking technique characteristic of 2D
crystals offers further goals to engineer vdW heterostructures
with enhanced sensing capabilities. For example, although vdW
heterostructures consisting of a monolayer TMD semi-
conductor and a bilayer/trilayer ferromagnet have allowed to
monitor the flip in the magnetization of an individual layer in
the vdW ferromagnet, these heterostructures have not yet
allowed to disentangle the layer responsible for the spin flip.
Alternatively, a vdW heterostructure in which the bilayer/
trilayer ferromagnet is encapsulated by TMDs monolayers with
different energy band gaps would in principle allow to track
down the individual layers responsible for the magnetization

https://doi.org/10.1021/acsnano.1c09150
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