
This is a self-archived version of an original article. This version 
may differ from the original in pagination and typographic details. 

Author(s): 

Title: 

Year: 

Version:

Copyright:

Rights:

Rights url: 

Please cite the original version:

CC BY 4.0

https://creativecommons.org/licenses/by/4.0/

Visualization of Moiré Magnons in Monolayer Ferromagnet

© 2023 the Authors

Published version

Ganguli, Somesh Chandra; Aapro, Markus; Kezilebieke, Shawulienu; Amini,
Mohammad; Lado, Jose L.; Liljeroth, Peter

Ganguli, S. C., Aapro, M., Kezilebieke, S., Amini, M., Lado, J. L., & Liljeroth, P. (2023).
Visualization of Moiré Magnons in Monolayer Ferromagnet. Nano Letters, 23(8), Article 3412-
3417. https://doi.org/10.1021/acs.nanolett.3c00417

2023



Visualization of Moire ́ Magnons in Monolayer Ferromagnet
Somesh Chandra Ganguli,* Markus Aapro, Shawulienu Kezilebieke, Mohammad Amini, Jose L. Lado,*
and Peter Liljeroth*

Cite This: https://doi.org/10.1021/acs.nanolett.3c00417 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Two-dimensional magnetic materials provide an ideal
platform to explore collective many-body excitations associated with
spin fluctuations. In particular, it should be feasible to explore,
manipulate, and ultimately design magnonic excitations in two-
dimensional van der Waals magnets in a controllable way. Here we
demonstrate the emergence of moire ́ magnon excitations, stemming
from the interplay of spin-excitations in monolayer CrBr3 and the moire ́
pattern arising from the lattice mismatch with the underlying substrate.
The existence of moire ́ magnons is further confirmed via inelastic
quasiparticle interference, showing the appearance of a dispersion
pattern correlated with the moire ́ length scale. Our results provide a
direct visualization in real-space of the dispersion of moire ́ magnons,
demonstrating the versatility of moire ́ patterns in creating emergent many-body excitations.
KEYWORDS: magnon, two-dimensional ferromagnet, moire ́ modulation, monolayer chromium tribromide,
scanning tunneling microscopy and spectroscopy

The recent discovery of two-dimensional van der Waals
(vdW) monolayer magnetic materials has opened new

avenues for scalable, defect-free samples for spintronic
applications and artificial designer materials.1−10 It provides
an exciting opportunity to control and manipulate magnetism
in two-dimensions11−14 and create new emergent states in
vdW heterostructures.15−19 A common feature of two-dimen-
sional materials is the appearance of moire ́ patterns due to the
lattice mismatch or twist between the monolayer and the
substrate. Using the twist degree of freedom has emerged as a
powerful strategy to design new quantum states.20−23

Paradigmatic examples are the emergent correlated and
topological states in graphene moire ́ multilayers,24,25 ferroelec-
tricity in hexagonal boron nitride moire ́ bilayers,26 moire ́
excitons in twisted MoSe2/WSe2,

27 and moire ́ magnetism in
CrI3 moire ́ bilayers.28 The emergence of moire ́ phenomena in
magnetic van der Waals materials is a newly explored field, and
in particular, the possibility of creating moire ́ magnon
excitations remains an open problem in twistronics.
Chromium trihalides (CrX3, X = Cl, Br, and I, Figure 1a)

have been established as a prominent family of 2D magnetic
materials29 with all three showing ferromagnetic order, where
the easy axis is out-of-plane for CrBr3

6,7 and CrI3,
2 and in-

plane for CrCl3.
30 We have carried out low-temperature

scanning tunneling microscopy (STM) and spectroscopy
(STS) to probe the magnon excitations in monolayer CrBr3.
We show that the results can be understood in terms of moire ́
magnons arising from a reconstruction of the magnon
dispersion by the moire ́ pattern formed by the lattice mismatch

between CrBr3 and the substrate. This leads to new van Hove
singularities in the magnon spectral function that are correlated
with the moire ́ length scale. Furthermore, by employing
quasiparticle interference with inelastic spectroscopy, we
directly probe the magnon dispersion in reciprocal space,
allowing us to map the moire ́ magnon spectra. Our results
demonstrate the emergence of moire ́ magnons and the impact
of moire ́ patterns on the magnetic excitations of 2D materials.
We have carried out experiments on CrBr3 monolayers on a

highly oriented pyrolytic graphite (HOPG) substrate at a T =
350 mK (see Supporting Information (SI) for more
experimental details). Typical STM topography image (Figure
1b) shows both bright triangular protrusions arising from the
bromine atoms in the CrBr3 layer as well as a longer length-
scale variation corresponding to the moire ́ pattern, which arises
from the lattice mismatch between the CrBr3 monolayer and
the HOPG substrate. Magnetic excitations can be probed via
inelastic tunneling spectroscopy (IETS) and they should result
in bias-symmetric steps in the dI/dV signal.6,31−33 We observe
clear inelastic excitations experimentally as demonstrated in
Figure 1c that shows both the measured dI/dV (symmetrized)
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and numerically differentiated and smoothened d2I/dV2 signals
(see SI for details). As schematically illustrated in Figure 1d,
for a ferromagnetic system, we would expect the dI/dV to
correspond to the integrated magnon density of states (DOS)
while the d2I/dV2 signal directly corresponds to the local
magnon spectral function. It is immediately obvious that our
experimental d2I/dV2 contains many more peaks than expected
for a typical magnon spectrum. We explain this discrepancy

below as arising from the moire-́induced modification of the
magnon spectrum.
The physics behind the moire ́ magnons can be understood

starting from the anistropic Heisenberg Hamiltonian34,35

describing the spin excitations in a magnetic two-dimensional
system (see SI for details)

= · +J S S K S S
ij

ij i j
ij

ij i
z

j
z

V
(1)

Figure 1. Probing moire ́ magnons in CrBr3 with inelastic tunneling spectroscopy. (a) Schematic of the CrBr3 structure. (b) Atomically resolved
image of CrBr3 on HOPG. Image was taken at sample bias 1.5 V. Scale bar 5 nm. (c) Symmetrized dI/dV (blue) and numerically differentiated d2I/
dV2 (red) obtained in monolayer CrBr3 on HOPG. (d) Schematic of inelastic tunneling spectroscopy of magnons. (e) Unfolded magnon bands and
moire-́folded magnon mini-bands. (f) Unfolded (red) and moire-́folded (black) magnonic spectral functions.

Figure 2. Moire ́ magnons in CrBr3. (a,b) Area with moire ́ wavelength 7 nm (Scale bar 4 nm. Image bias 1 V). Spatial dependence of
antisymmetrized d2I/dV2 (b) with spectra taken along yellow line in panel (a). (c,d) Area with moire ́ wavelength 3.6 nm (Scale bar 2 nm. Image
bias 2 V). Spatial dependence of antisymmetrized d2I/dV2 (d) with spectra taken along yellow line in panel (c). In (b),(d), colored points indicate
the locations of maxima in the d2I/dV2 corresponding to the van Hove singularities in the magnon spectral function (see SI). (e,f) Theoretical
dependence of the magnon spectral function with the moire ́ length (e) and with the strength of the exchange modulation (f).
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with Jij the spatially modulated isotropic exchange coupling, Kij
the anisotropic exchange, and Snα the local S = 3/2 operators in
the Cr atoms forming a honeycomb lattice (Figure 1a). The
term V contains other potential terms in the Hamilto-
nian4,34−36 including Dzyaloshinskii−Moriya interaction,
biquadratic exchange, single-ion anisotropy, and Kitaev
interaction, which for the sake of simplicity are not included
in the next discussion as their role is not important for the
emergence of moire ́ magnons. The local moments at the Cr-
sites have a ferromagnetic coupling via superexchange through
Br atom, parametrized by Jij. The existence of the substrate
leads to an additional exchange interaction mediated by the
RKKY interaction. This substrate-mediated RKKY interaction
depends on the local stacking between CrBr3 and HOPG,
which in turn is controlled by the moire ́ modulation between
HOPG and CrBr3. This modulation in real space leads to the
change of the exchange constants Jij

7,28,37−39 and, in turn, the
spin stiffness through the moire ́ unit cell.40−43 Moreover,
potential small structural distortions lead to a modulation of
the superexchange interaction, both of which follow the same
periodicity as the moire ́ pattern. Holstein−Primakoff map-
ping44 allows the magnonic Hamiltonian to be written in terms
of the bosonic magnon operators

= + +† †a a a a h.c.
ij

ij i j
n

n n n
(2)

with γij ∼ Jij controlling the spin stiffness and ⟨Δn⟩ determines
the magnon gap, and an†, an are the creation and annhilation
magnon operators. For CrBr3, first-principles calculations45

predict a bandwidth of the magnon spectra of ∼30 meV in the
absence of a moire ́ pattern, and in the following we take that
the moire ́ modulations changes the local exchange while
keeping the global bandwidth approximately equal to the
uniform case.
In the absence of the moire ́ pattern, the magnon dispersion

features two magnon bands stemming from the two Cr atoms
in the unit cell. The magnon dispersion shows Dirac points
when neglecting small contributions coming from V , and a
low energy quadratic dispersion with a gap controlled by K. In
the presence of the moire ́ pattern, the real-space modulation of
γij leads to the appearance of magnon mini-bands in the moire ́
supercell, as shown in Figure 1e. The multiple folding of the
original moire ́ bands and induced anticrossings driven by the
moire ́ exchange modulation gives rise to a whole new set of
moire ́ singularities, as shown in Figure 1f.
We have carried out inelastic tunneling spectroscopy

experiments (parameters mentioned in the SI) over a range

of CrBr3 islands with different moire ́ periodicities allowing us
to address the impact of the underlying moire ́ pattern on the
magnetic excitations. Figure 2a,c shows the effect of the
different moire ́ length scales (moire ́ wavelengths of 7 and 3.6
nm) on the inelastic excitations. The antisymmetrized d2I/dV2
(details in the SI) shows strong peaks that are spatially quite
uniform as shown in Figure 2b,d. The moire ́ magnon features
are expected to be the most visible at the bottom of the
magnon band due to the folding into the moire ́ Brillouin zone
(see Figure 1f). In addition, the higher energy inelastic
excitations are less intense in the experimental spectra, which
can be understood through magnon−magnon interation
effects.46 Therefore, we focus on the lower energy features
and comparing Figure 2b,d, it is clear that there are more
inelastic features with a smaller energy spacing in the
experiments on the larger length-scale moire ́ pattern (see SI
for the statistics of inelastic peak energies).
The dependence of low energy inelastic magnon peaks with

the moire ́ wavelengths can be rationalized from the
reconstruction of the magnon bands triggered by the moire ́
pattern. The momentum folding of the magnon structure
depends on the length of the moire ́ pattern, leading to magnon
van Hove singularities whose energy location depends on the
specific moire.́ In particular, longer moire ́ lengths give rise to
magnon van Hove singularities with a smaller energy spacing,
as observed experimentally. This phenomenology is captured
with the moire ́ Heisenberg model, as shown in Figure 2e. The
relative intensity of the moire ́ van Hove singularities is
controlled by the strength of the moire ́modulation as shown in
Figure 2f, highlighting that the observation of moire ́ magnons
can allow inferring the value of the real space modulation of
the exchange constants. By comparing the theory calculations
with the observed spectra we roughly estimate the modulation
of the exchange constants of ΔJ/⟨J⟩ ≈ 0.3. This value is
consistent with the exchange modulation obtained for twisted
van der Waals heterostructures.39

While our experiments are consistent with the expectation
that the observed inelastic features correspond to magnetic
excitations, they could also correspond to inelastic excitations
of phonons. However, earlier experiments on tunneling devices
have shown that the modes with sufficient electron−phonon
coupling are at higher energies (above 25 meV)47 than the
features we observe in our experiments. Additionally, the
magnetic origin of the excitations is usually probed by carrying
out experiments under an external magnetic field. We have
done these experiments (see SI for the results); however, the
HOPG substrate shows very clear and strong signatures of

Figure 3. Quasiparticle interference of magnons. (a) FFT of a constant-current dI/dV map at a bias voltage of 7.4 mV. Red, yellow, green, and
magenta dotted circles indicate real space length scales of 7 nm, 1.25 nm, 6 Å, and 4 Å, respectively. (b,c) Calculated momentum-resolved spectral
function of magnon A(ω, k) at constant energy of 5 meV in the absence (b) and presence of the moire ́ pattern (c). (d) Zoomed-in FFTs of the
experimental dI/dV signal around the Γ-point at the bias voltages indicated in the panels.
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Landau levels at high magnetic fields that completely
overwhelm the signal from the magnetic excitations in the
CrBr3 layer. It is also not possible to subtract the signal from
the Landau levels as the Landau level spectra of bare HOPG
and HOPG covered by CrBr3 are different arising from the
sensitivity of the Landau levels to the local potential.48 At low-
magnetic fields (<0.5 T), the signal due to the magnetic
excitations is clearly visible, but the shifts due to the Zeeman
energy are too small to be reliably detected.
The presence of moire ́ magnons can be demonstrated even

more convincingly through inelastic quasiparticle interference
spectroscopy that allows a direct visualization of the length
scale of the moire ́ magnons. We note that this technique has
been used to demonstrate the emergence of quantum spin
liquid signatures in monolayer 1T-TaSe2.

49 The differential
conductance dI/dV is proportional to the total number of
magnons that can be excited with that energy. In the presence
of weak scattering, the total number of magnons will be
spatially modulated. The dispersion of the moire ́ magnons can
be directly probed by visualizing the Fourier transform of the
spatially resolved dI/dV, shown in Figure 3a, known as
quasiparticle interference (QPI). The signature of moire ́
magnons is directly visible in the QPI due to the
reconstruction of the magnon spectra. Specifically, the Fourier
transform of the dI/dV, in the following denoted as Ξ(ω, q)
stems from inelastic magnon tunneling processes as Ξ(ω, q) ∼
∫ A(ω, k)A(ω, k+q)d2k, where A(ω, k) is the magnon spectral
function. As a result, the magnon QPI reflects a self-
convolution of the magnon dispersion, directly reflecting
magnon reconstructions in reciprocal space.
To explore the dispersion of the magnonic bands, we

performed constant current dI/dV maps at various energies
(parameters mentioned in the SI). The typical FFT of the dI/
dV maps has strong peaks at characteristic reciprocal space
points, indicating different topographic periodicities present.
The green, magenta, red, and yellow dotted circles in Figure 3a
represents Cr−Cr (6 Å), Br−Br (4 Å), moire ́ (7 nm), and
possible ×3 3 Kekule ́ distortion (1.25 nm) length scales.
The high-symmetry points, especially Γ- and K- points have
features around them.
Theoretically, in the absence in the moire ́ pattern, the

magnon spectral function at energies below 8 meV should
feature a simple circular shape coming from the magnon
dispersion ϵ(k) ∼ |k|2 as shown in Figure 3b. This featureless
circular shape leads to the well-known disc-like QPI, that does
not show a complex angular structure. In stark contrast, in the
presence of the moire,́ the moire ́modulation leads to a full new
set features in the magnon dispersion as shown in Figure 3c, as
a direct consequence of the magnon moire ́ mini-bands. The
inelastic contribution to the QPI gives rise to the different
scattering events associated with the states in Figure 3c,
directly reflecting the emergent dispersion of the moire ́ bands.
In particular, the moire ́ magnon generating QPI will give rise
to very short wavelength features appearing around Γ-point in
the QPI.
These theoretical moire ́ QPI predictions can be directly

compared with our experimental data. In order to factor out
the impact of the topographic moire ́ modulation in the QPI,
we first remove the peaks associated with the moire ́ length,
whose origin is purely structural. Around the Γ-point, after
removing the intensity due to the moire,́ we see an internal
interference pattern strongly dependent on the energy and
ultimately vanishing above ∼25 mV (Figure 3d). It must be

noted that, in the absence of a moire ́ pattern, no strong energy
dependence of the QPI is expected around the Γ-point. In
stark contrast, the presence of moire ́ magnons leads to an
energy-dependent interference pattern around the Γ-point in
the full energy window due to the nontrivial interplay between
the different magnon moire ́ bands. The previous phenomen-
ology directly demonstrates the emergence of quasiparticle
interference associated with magnons, featuring fluctuations in
the moire ́ length scale and spanning over the whole energy
window in which magnonic fluctuations appear in CrBr3.
While this kind of QPI features could also arise from elastic

scattering between electronic states, it is very unlikely in the
present case. First of all, CrBr3 is an insulator and has no
electronic states close to the Fermi level. We could of course
still in principle observe QPI from the electronic states of the
HOPG substrate; however, in that case one would expect QPI
signal over a large bias range since HOPG has states at all
energies. This is in contrast to our experimental results and,
hence, the QPI features most likely correspond to the magnon
excitations.
To summarize, we have demonstrated the emergence of

moire ́ magnon excitations in 2D monolayer ferromagnet. By
using inelastic spectroscopy, we showed that the existence of
moire ́ patterns with different moire ́ lengths leads to different
reconstructions of the moire ́ spectra. The existence of moire ́
magnons is further confirmed via inelastic quasiparticle
interference, showing the appearance of a dispersion pattern
correlated with the moire ́ length scale. Our results provide a
direct visualization in real space of the dispersion of moire ́
magnons, demonstrating the versatility of moire ́ patterns in
creating emergent many-body excitations.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00417.

Experimental methods (details on the sample growth
and STM/STS measurements), determination of the
inelastic spectral function, histogramming spatially
dependent inelastic excitations, comparison between
theoretical and experimental moire ́ magnon density of
states, magnetic field dependence of the inelastic
excitations, details on the theoretical model, drift
correction and symmetrization of raw images and
subtraction of moire ́ signal at the Γ-point (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Somesh Chandra Ganguli − Department of Applied Physics,
Aalto University, FI-00076 Aalto, Finland; orcid.org/
0000-0002-4709-6439; Email: somesh.ganguli@aalto.fi

Jose L. Lado − Department of Applied Physics, Aalto
University, FI-00076 Aalto, Finland; Email: jose.lado@
aalto.fi

Peter Liljeroth − Department of Applied Physics, Aalto
University, FI-00076 Aalto, Finland; orcid.org/0000-
0003-1253-8097; Email: peter.liljeroth@aalto.fi

Authors
Markus Aapro − Department of Applied Physics, Aalto
University, FI-00076 Aalto, Finland

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c00417
Nano Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00417/suppl_file/nl3c00417_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00417?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00417/suppl_file/nl3c00417_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Somesh+Chandra+Ganguli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4709-6439
https://orcid.org/0000-0002-4709-6439
mailto:somesh.ganguli@aalto.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose+L.+Lado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:jose.lado@aalto.fi
mailto:jose.lado@aalto.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Liljeroth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1253-8097
https://orcid.org/0000-0003-1253-8097
mailto:peter.liljeroth@aalto.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Markus+Aapro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shawulienu+Kezilebieke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c00417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Shawulienu Kezilebieke − Department of Physics,
Department of Chemistry and Nanoscience Center, University
of Jyväskylä, FI-40014 Jyväskylä, Finland; orcid.org/
0000-0003-4166-5079

Mohammad Amini − Department of Applied Physics, Aalto
University, FI-00076 Aalto, Finland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.3c00417

Author Contributions
SCG, JLL, PL conceptualized the problem. SCG, MhA, SK did
the sample growth and performed the STM experiments, SCG,
MA, MhA did the data analysis, JLL performed the theoretical
calculations, SCG, JLL, PL wrote the manuscript. All the
authors commented on the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research made use of the Aalto Nanomicroscopy Center
(Aalto NMC) facilities and was supported by the European
Research Council (ERC-2017-AdG no. 788185 “Artificial
Designer Materials”) and Academy of Finland (Academy
professor funding nos. 318995 and 320555, Academy research
fellow nos. 331342 and 336243), and the Jane and Aatos Erkko
Foundation. We acknowledge the computational resources
provided by the Aalto Science-IT project.

■ REFERENCES
(1) Gong, C.; Li, L.; Li, Z.; Ji, H.; Stern, A.; Xia, Y.; Cao, T.; Bao,
W.; Wang, C.; Wang, Y.; et al. Discovery of intrinsic ferromagnetism
in two-dimensional van der Waals crystals. Nature 2017, 546, 265−
269.
(2) Huang, B.; Clark, G.; Navarro-Moratalla, E.; Klein, D. R.; Cheng,
R.; Seyler, K. L.; Zhong, D.; Schmidgall, E.; McGuire, M. A.; Cobden,
D. H.; et al. Layer-dependent ferromagnetism in a van der Waals
crystal down to the monolayer limit. Nature 2017, 546, 270−273.
(3) Burch, K. S.; Mandrus, D.; Park, J.-G. Magnetism in two-
dimensional van der Waals materials. Nature 2018, 563, 47−52.
(4) Chen, L.; Chung, J.-H.; Gao, B.; Chen, T.; Stone, M. B.;
Kolesnikov, A. I.; Huang, Q.; Dai, P. Topological Spin Excitations in
Honeycomb Ferromagnet CrI3. Phys. Rev. X 2018, 8, 041028.
(5) Chen, L.; Chung, J.-H.; Stone, M. B.; Kolesnikov, A. I.; Winn, B.;
Garlea, V. O.; Abernathy, D. L.; Gao, B.; Augustin, M.; Santos, E. J.
G.; Dai, P. Magnetic Field Effect on Topological Spin Excitations in
CrI3. Phys. Rev. X 2021, 11, 031047.
(6) Ghazaryan, D.; Greenaway, M. T.; Wang, Z.; Guarochico-
Moreira, V. H.; Vera-Marun, I. J.; Yin, J.; Liao, Y.; Morozov, S. V.;
Kristanovski, O.; Lichtenstein, A. I.; et al. Magnon-assisted tunnelling
in van der Waals heterostructures based on CrBr3. Nat. Electron. 2018,
1, 344−349.
(7) Chen, W.; Sun, Z.; Wang, Z.; Gu, L.; Xu, X.; Wu, S.; Gao, C.
Direct observation of van der Waals stacking−dependent interlayer
magnetism. Science 2019, 366, 983−987.
(8) Kim, H. H.; Yang, B.; Li, S.; Jiang, S.; Jin, C.; Tao, Z.; Nichols,
G.; Sfigakis, F.; Zhong, S.; Li, C.; et al. Evolution of interlayer and
intralayer magnetism in three atomically thin chromium trihalides.
Proc. Nat. Acad. Sci. 2019, 116, 11131−11136.
(9) Blei, M.; Lado, J. L.; Song, Q.; Dey, D.; Erten, O.; Pardo, V.;
Comin, R.; Tongay, S.; Botana, A. S. Synthesis, engineering, and
theory of 2D van der Waals magnets. Appl. Phys. Rev. 2021, 8, 021301.
(10) Mitra, A.; Corticelli, A.; Ribeiro, P.; McClarty, P. A. Magnon
Interference Tunneling Spectroscopy as a Probe of 2D Magnetism.
Phys. Rev. Lett. 2023, 130, 066701.

(11) Jiang, S.; Li, L.; Wang, Z.; Mak, K. F.; Shan, J. Controlling
magnetism in 2D CrI3 by electrostatic doping. Nat. Nanotechnol.
2018, 13, 549−553.
(12) Huang, B.; Clark, G.; Klein, D. R.; MacNeill, D.; Navarro-
Moratalla, E.; Seyler, K. L.; Wilson, N.; McGuire, M. A.; Cobden, D.
H.; Xiao, D.; et al. Electrical control of 2D magnetism in bilayer CrI3.
Nat. Nanotechnol. 2018, 13, 544−548.
(13) Wang, Z.; Zhang, T.; Ding, M.; Dong, B.; Li, Y.; Chen, M.; Li,
X.; Huang, J.; Wang, H.; Zhao, X.; et al. Electric-field control of
magnetism in a few-layered van der Waals ferromagnetic semi-
conductor. Nat. Nanotechnol. 2018, 13, 554−559.
(14) Li, T.; Jiang, S.; Sivadas, N.; Wang, Z.; Xu, Y.; Weber, D.;
Goldberger, J. E.; Watanabe, K.; Taniguchi, T.; Fennie, C. J.; et al.
Pressure-controlled interlayer magnetism in atomically thin CrI3. Nat.
Mater. 2019, 18, 1303−1308.
(15) Zhong, D.; Seyler, K. L.; Linpeng, X.; Cheng, R.; Sivadas, N.;
Huang, B.; Schmidgall, E.; Taniguchi, T.; Watanabe, K.; McGuire, M.
A.; et al. Van der Waals engineering of ferromagnetic semiconductor
heterostructures for spin and valleytronics. Sci. Adv. 2017, 3,
No. e1603113.
(16) Seyler, K. L.; Zhong, D.; Huang, B.; Linpeng, X.; Wilson, N. P.;
Taniguchi, T.; Watanabe, K.; Yao, W.; Xiao, D.; McGuire, M. A.; et al.
Valley Manipulation by Optically Tuning the Magnetic Proximity
Effect in WSe2/CrI3 Heterostructures. Nano Lett. 2018, 18, 3823−
3828.
(17) Kezilebieke, S.; Huda, M. N.; Vaňo, V.; Aapro, M.; Ganguli, S.
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