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Van der Waals heterostructures
A. K. Geim1,2 & I. V. Grigorieva1

Research on graphene and other two-dimensional atomic crystals is intense and is likely to remain one of the leading
topics in condensed matter physics and materials science for many years. Looking beyond this field, isolated atomic
planes can also be reassembled into designer heterostructures made layer by layer in a precisely chosen sequence. The
first, already remarkably complex, such heterostructures (often referred to as ‘van der Waals’) have recently been
fabricated and investigated, revealing unusual properties and new phenomena. Here we review this emerging
research area and identify possible future directions. With steady improvement in fabrication techniques and using
graphene’s springboard, van der Waals heterostructures should develop into a large field of their own.

G raphene research has evolved into a vast field with approxi-
mately ten thousand papers now being published every year
on awide range of graphene-related topics. Each topic is covered

by many reviews. It is probably fair to say that research on ‘simple
graphene’ has already passed its zenith. Indeed, the focus has shifted
from studying graphene itself to the use of the material in applications1

and as a versatile platform for investigation of various phenomena.
Nonetheless, the fundamental science of graphene remains far from
being exhausted (especially in terms of many-body physics) and, as
the quality of graphene devices continues to improve2–5, more break-
throughs are expected, although at a slower pace.
Because most of the ‘low-hanging graphene fruits’ have already been

harvested, researchers have now started paying more attention to other
two-dimensional (2D) atomic crystals6 such as isolated monolayers and
few-layer crystals of hexagonal boron nitride (hBN), molybdenum
disulphide (MoS2), other dichalcogenides and layered oxides. During
the first five years of the graphene boom, there appeared only a few

experimental papers on 2D crystals other than graphene, whereas the
last two years have already seen many reviews (for example, refs 7–11).
This research promises to reach the same intensity as that on graphene,
especially if the electronic quality of 2D crystals such asMoS2 (refs 12, 13)
can be improved by a factor of ten to a hundred.
In parallel with the efforts on graphene-like materials, another

research field has recently emerged and has been gaining strength over
the past two years. It deals with heterostructures and devices made by
stacking different 2D crystals on top of each other. The basic principle is
simple: take, for example, a monolayer, put it on top of another mono-
layer or few-layer crystal, add another 2D crystal and so on. The resulting
stack represents an artificialmaterial assembled in a chosen sequence—as
in building with Lego—with blocks defined with one-atomic-plane pre-
cision (Fig. 1). Strong covalent bonds provide in-plane stability of 2D
crystals, whereas relatively weak, van-der-Waals-like forces are sufficient
to keep the stack together. The possibility of making multilayer van
der Waals heterostructures has been demonstrated experimentally only
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Figure 1 | Building van der Waals
heterostructures. If one considers
2D crystals to be analogous to Lego
blocks (right panel), the construction
of a huge variety of layered structures
becomes possible. Conceptually, this
atomic-scale Lego resembles
molecular beam epitaxy but employs
different ‘construction’ rules and a
distinct set of materials.
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Stacking engineering

Cao… Jarillo-Herrero (2018)

Twistronics fundamentally is stacking engineering 



Stacking DWs are ubiquitous 

Ju… Wang, Nature (2015)

Graphene

Edelberg…Ochoa,  Pasupathy, Nat. Phys. (2020)
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1D confined channels

Sunku…Basov, Science (2018)

What about 2D magnets?

produces fringes in both s(w) (6, 7) and fðwÞ
(34) corresponding to standing waves. 2Dmaps
of both observables are displayed in Fig. 2. We
obtained these images in different regimes of lp/
a by tuning the gate voltage VG and/or l0. All
images are dominated by maxima and minima

in the nano-IR contrast, indicating the presence
of constructive and destructive interference of
SPPs triggered by the solitonic lattice.
The Fourier analysis of the s(w) images shown

in Fig. 3, A and B, supports our conjecture of a
photonic crystal.We denote themagnitude of the

2D spatial Fourier transform of the s(w) image as
~sðqÞ . Figure 3A shows ~sðqÞ extracted from the
spatially varying conductivity image displayed
in Fig. 1B and is seen to have sixfold rotational
symmetry. This symmetry is preserved in the
~sðqÞ images obtained by transforming data in

Sunku et al., Science 362, 1153–1156 (2018) 7 December 2018 2 of 4

A

B D

C

400 nm

a.u.
maxmin

Experiment

Model

Fig. 2. Plasmon interference patterns and superposition model
analysis. (A and C) Nano-IR images obtained for lp = 135 nm and
282 nm. (B and D) Near-field amplitude and phase images calculated
using the superposition model (introduced in the text). The model

parameters used to obtain the images are (B) m = 0.23 eV, Vi = 0.3 V,
and h = 0.2 and (D) m = 0.35 eV, Vi = 0.1 V, and h = 0.2. The dashed
hexagons represent the boundaries of a single unit cell, and the
magenta bars represent the SPP wavelengths.

Fig. 1. Nano-light photonic crystal formed by a network of solitons in
TBG. (A) Schematic of the IR nano-imaging experimental setup. AB,
BA, and AA label periodically occurring stacking types of graphene layers.
(B) (Left) Visualizing the nano-light photonic crystal formed by the
soliton lattice. The contrast is due to enhanced local optical conductivity at
solitons. (Right) Dark-field TEM image of a TBG sample showing contrast
between AB and BA triangular domains. The dashed hexagons represent
unit cells of the crystals. a.u., arbitrary units. (C) Electronic band

structure of a single infinitely long soliton (only the K valley is shown).
Chiral 1D states are depicted in orange. Optical transitions such as
those indicated by the arrow are responsible for the enhanced local con-
ductivity at the location of solitons. E, energy; k‖, momentum along the
soliton. (D) Experimental (solid) and calculated (dashed) near-field signal
ssol(x) across a single soliton line. Calculation parameters are frequency
w = 1180 cm−1, Fermi energy m = 0.3 eV, interlayer bias Vi = 0.2 V, and
dimensionless damping h = 0.2.
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CrI3: a prototypical 2D magnet

Calculations were performed for both the monoclinic and
rhombohedral stacking sequences, and in-plane structures were
fully relaxed at each point. The cleavage energy was calculated
by determining the total energy difference (per unit area) of the
fractured structure as a function of d, with respect to the
equilibrium ground state. The results are shown in Figure 4.
For large separations, the cleavage energy converges to a value
of 0.30 J/m2 for both phases. Similar calculations using single
layers instead of the trilayers shown in Figure 4 gave results
within a few percent of those shown here. This energy can be
compared to the cleavage energy of other vdW-bonded
materials of interest. Similar calculations have given cleavage
energies of 0.35 and 0.38 J/m2 for CrSiTe3 and CrGeTe3,
respectively,12 while 0.43 J/m2 has been calculated for graphite
and 0.27 J/m2 for MoS2.

28

Magnetic Properties: Experiment and Theory. As
noted in the Introduction, there are few reports of magnetic
properties of CrI3. In addition, the published data are limited to
measurements on polycrystalline material and therefore contain
little information regarding magnetic anisotropy. Sparse
magnetic susceptibility versus temperature data from CrI3
powder were reported by Hansen and Griffel,20 but the Curie
temperature is not apparent in the data. Hansen also reported
magnetization versus applied field for CrI3 powder measured at
4.2 K.18 The data demonstrate the ferromagnetic nature of the
compound at this temperature, but the applied fields were too
low to saturate the Cr magnetic moment. Finally, Dillon and
Olson describe the results of more detailed magnetization
measurements including the identification of the Curie
temperature (68 K), saturation moment (3.10 μB/Cr), effective
paramagnetic moment (4.00 μB/Cr), and Weiss temperature
(70 K), although no data are shown in the paper.17 No previous
studies have considered the possible effects of the crystallo-
graphic phase transition on the magnetic behavior of this or
other chromium trihalides.
The results of our magnetization measurements on CrI3

crystals are shown in Figure 5. Measurements were performed
with the field both parallel and perpendicular to the c* axis,
which is the direction along which the CrI3 layers are stacked
(the c direction in the hexagonal setting of the rhombohedral
structure), giving insight into the magnetic anisotropy of the
material. Temperature-dependent magnetization data, collected
upon cooling in applied fields ranging from 100 Oe to 50 kOe,
are shown in Figure 5a. The data clearly show the
ferromagnetic nature of the crystals, with a Curie temperature
near 61 K determined from the lowest field data shown in the
inset. This is supported by the magnetization versus applied
field data shown in Figure 5b. Below the Curie temperature, the
magnetization measured along the c axis saturates at a relatively
low magnetic field, indicating that the moments are aligned in
this direction. The saturation moment at the lowest temper-
ature is 3.1 μB/Cr, close to the expected value of gS = 3 μB
expected for trivalent Cr with electronic configuration 3d3. The
ferromagnetically aligned moments in the layered Cr
compounds CrSiTe3 and CrGeTe3, which have Curie temper-
atures of 33 and 61 K, respectively, are also directed normal to
the crystallographic layers, with reported saturation moments
ranging from 2.7 to 3.0 μB/Cr.

29−31

The magnetic anisotropy can be seen by a comparison of the
data in parts a and b of Figure 5 for the two orientations of the
magnetic field. In the temperature dependence shown in Figure
5a, the magnetization is nearly isotropic at 50 kOe, while at
lower fields, significant magnetic anisotropy is observed below

TC. This is also seen in the m versus H data collected at 2 and
50 K shown in Figure 5b. The data show that the ordered
magnetic moments lie along the c axis, normal to the ab plane
in which the CrI3 layers lie because that is the direction along
which the magnetization is most easily saturated. This is
consistent with reports from Mössbauer spectroscopy.21,22

When the field is applied along the easy axis (normal to the
CrI3 layers), the magnetization rises sharply to the saturation
value. When the field is applied perpendicular to this axis, the
moments gradually and smoothly rotate away from the easy
axis, toward the direction of the applied field. This is behavior
typical of anisotropic ferromagnets.32 The anisotropy can be
quantified by defining the anisotropy field, which is
approximately the field at which the m versus H curve
measured perpendicular to the easy axis saturates. Figure 5b

Figure 5. Anisotropic magnetic properties of CrI3 single crystals. (a)
Magnetic moment versus temperature measured at the indicated
magnetic fields with the field applied parallel and perpendicular to the
stacking direction (c* axis). (b) Magnetic moment versus applied
magnetic field measured in both orientations. (c) Magnetic
susceptibility of a collection of many CrI3 crystals measured upon
warming through the rhombohedral to monoclinic phase transition,
illustrating the magnetic anomaly at TS.

Chemistry of Materials Article

DOI: 10.1021/cm504242t
Chem. Mater. 2015, 27, 612−620
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Remarkably, the ferromagnetic ordering remains in the monolayer 
limit. Figure 2a shows θK as a function of µoH for a monolayer CrI3 
flake (inset to Fig. 2a). A single hysteresis loop in θK centred around 
µoH =  0 T, with a non-zero remanent Kerr rotation, demonstrates 
out-of-plane spin polarization. This implies Ising ferromagnetism in 
 monolayer CrI3. As expected, θK is independent of the excitation power 
(Fig. 2b). In the following, all data are taken with an excitation power 
of 10 µ W. We have measured a total of 12 monolayer samples, which 

show similar MOKE behaviour with consistent remanent θK values of 
about 5 ±  2 mrad at µoH =  0 T (Extended Data Fig. 8a). The coercive 
field (µoHc), which is approximately 50 mT for the sample in Fig. 2a, 
can vary between samples owing to the formation of domain structures 
in some samples.

Figure 2c shows spatial maps of θK for another monolayer, taken at 
selected magnetic field values. After cooling the sample from above 
TC at µoH =  0 T, the entire monolayer is spontaneously magnetized (in 
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Figure 1 | Crystal structure, layer thickness identification, and MOKE 
of bulk CrI3. a, View of the in-plane atomic lattice of a single CrI3 layer. 
Grey and purple balls represent Cr and I atoms, respectively. The Cr3+ ions 
are coordinated to six I− ions to form edge-sharing octahedra arranged 
in a hexagonal honeycomb lattice. b, Out-of-plane view of the same CrI3 
structure depicting the Ising spin orientation. c, Optical micrograph of a 

representative CrI3 flake. d, Calculated optical contrast map of the same 
flake with a 631-nm optical filter. The scale bar in c is 3 µ m. e, Averaged 
optical contrast of the steps of the sample with different numbers of layers 
(circles) fitted by a model based on Fresnel’s equations (solid line). f, Polar 
MOKE signal of a thin bulk CrI3 crystal.
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Figure 2 | MOKE measurements of monolayer CrI3. a, Polar MOKE 
signal for a CrI3 monolayer. The inset shows an optical image of an 
isolated monolayer (the scale bar is 2 µ m). b, Power dependence of the 
MOKE signal taken at incident powers of 3 µ W (blue), 10 µ W (pink), and 
30 µ W (red). c, MOKE maps at µoH =  0 T, 0.15 T and 0.3 T on a different 

monolayer. The scale bar is 1 µ m. d, θK versus µ0H sweeps taken at four 
points marked by dots on the µoH =  0.3 T map in c. e, Temperature 
dependence of MOKE signal with the sample initially cooled at µoH =  0 T 
(blue) and 0.15 T (red).
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CrI3 is a bulk ferromagnet 
with a strong out-of-plane 

easy axis



Structural phase transition
affected by the magnetic state of the Cr sublattice. The lattice
response at TC will be addressed further in the discussion of the
magnetic properties below.
Low-Temperature Structure. To examine the crystal

structure below the transition identified in the data shown in
Figure 2, single-crystal X-ray diffraction measurements were
conducted at a temperature of 90 K. Several data sets were
collected. The best refinement results were obtained from a
crystal that had been cooled and warmed through the transition
prior to mounting in the cold stream for measurement. This
was done to increase the transition temperature, as
demonstrated above in the discussion of Figure 2b, and ensure
that the entire crystal was transformed to the low-temperature
state at the data collection temperature. The results of this
structure refinement are shown in Table 1 and discussed below.
Indexing the diffraction data collected at 90 K suggested

hexagonal or trigonal symmetry. The data were integrated using
low hexagonal symmetry, and primitive space groups were
suggested by XPREP. However, no reasonable structure
solution could be obtained using these space groups. A
solution obtained using the space group previously reported for
CrI3 (P3112) has the expected layered structure but very large R
values (R1 = 0.39). Rhombohedral centering was then tried
because R3 ̅ structures have been previously reported for CrCl3
at low temperature and CrBr3. Two of the atomic positions
determined by direct methods were identified by inspection of
the interatomic distances as Cr and I (referred to here as Cr1
and I1), giving R1 = 0.097 and wR2 = 0.254, and a structure
that is like that reported for the rhombohedral chromium
trihalides noted above, the BiI3 structure type. Because
rhombohedral symmetry was not detected by the initial analysis
of the intensity statistics, reverse-obverse twinning was deemed
likely. Reverse-obverse twinning can be considered as a type of
stacking fault in this layered structure. Stacking faults are
expected to occur at the first-order crystallographic phase
transition upon cooling from the monoclinic, high-temperature
state, which amounts essentially to a change in the relative
translation between adjacent layers in the stacking sequence
(see below). The twin law (0−1 0, −1 0 0, 0 0−1), a 2-fold
rotation about a − b,23 was included in the model, and the
agreement indices were reduced to R1 = 0.057 and wR2 =
0.123. This indicates that the basic structural model, the BiI3
type, is the correct description for the structure of CrI3 at low
temperature.
The remaining discrepancy between this structural model

and the diffraction data is attributed to further stacking disorder
developed during the monoclinic to rhombohedral phase
transition, beyond that accounted for by the reverse-obverse
twinning. The strongest difference peaks were identified as
partially occupied Cr and I sites to construct the partially
disordered model. The disorder is not strong; the occupancies
of the partial sites refined to about 4%. The resulting disordered
structure model gives R1 = 0.031 and wR2 = 0.069 (all data)
and is shown and discussed in more detail in the Supporting
Information (SI).
It is reasonable to assume that the disorder and twinning

used to describe the low-temperature diffraction data represent
extrinsic effects and that the BiI3 type describes the ideal
structure of CrI3 below about 200 K. The CrI3 layers are
essentially identical in both the high- and low-temperature
structures. Bond valence sum calculations for Cr in the high-
and low-temperature structures give 2.9 and 2.8, respectively,
consistent with the expected 3+ oxidation state of Cr. The

crystallographic features of the monoclinic and rhombohedral
structures are compared in Figure 3.

The coordination environments around two neighboring Cr
atoms are shown in Figure 3a,b, with interatomic distances
listed in Table 1. The atoms are shown as ellipsoids
representing their refined anisotropic atomic displacement
parameters. As expected, the I ellipsoids are elongated toward
the holes in the Cr honeycomb net, indicating their tendency to
vibrate toward these voids. Upon cooling from the C2/m
structure at 250 K to the R3 ̅ structure at 90 K, there is little
change in the geometry of the CrI3 slabs, as indicated by the
Cr−I and Cr−Cr distances. In terms of interatomic distances,
the main crystallographic changes are a decrease in the
interlayer spacing (defined as the perpendicular distance
between two Cr sheets) and the vdW gap (defined as the
perpendicular distance between the I sheets on each side of the
gap).
In both structures, the I atoms form distorted close-packed

nets (Figure 3e,f) on each side of the honeycomb net of Cr
atoms (Figure 3c,d). The Cr atoms cap the smaller triangles in
the I net. The crystallographic phase transition involves
shearing of the vdW bonded layers to change their relative
positions upon stacking perpendicular to the ab plane (Figure
3c−f). In the rhombohedral structure, the Cr nets are displaced
upon stacking so that the Cr in one layer is directly over the

Figure 3. Comparison of the stacking sequences of the Cr and I 2D
nets in the high- and low-temperature structures of CrI3. The view is
slightly offset from the stacking direction for the rhombohedral
structure. The two I nets shown for each structure are those separated
by the vdW gap.

Chemistry of Materials Article

DOI: 10.1021/cm504242t
Chem. Mater. 2015, 27, 612−620
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CrI3 undergoes a structural 
phase transition from 

monoclinic to rhombohedral 
at around 210 K



Atomically thin CrI3

Huang, DX,  Jarillo-Herrero, Xu et al, Nature (2017)
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Layer-dependent ferromagnetism in a van der 
Waals crystal down to the monolayer limit
Bevin Huang1*, Genevieve Clark2*, Efrén Navarro-Moratalla3*, Dahlia R. Klein3, Ran Cheng4, Kyle L. Seyler1, Ding Zhong1, 
Emma Schmidgall1, Michael A. McGuire5, David H. Cobden1, Wang Yao6, Di Xiao4, Pablo Jarillo-Herrero3 & Xiaodong Xu1,2

Since the discovery of graphene1, the family of two-dimensional 
materials has grown, displaying a broad range of electronic 
properties. Recent additions include semiconductors with spin–
valley coupling2, Ising superconductors3–5 that can be tuned into 
a quantum metal6, possible Mott insulators with tunable charge-
density waves7, and topological semimetals with edge transport8,9. 
However, no two-dimensional crystal with intrinsic magnetism 
has yet been discovered10–14; such a crystal would be useful in 
many technologies from sensing to data storage15. Theoretically, 
magnetic order is prohibited in the two-dimensional isotropic 
Heisenberg model at finite temperatures by the Mermin–Wagner 
theorem16. Magnetic anisotropy removes this restriction, however, 
and enables, for instance, the occurrence of two-dimensional 
Ising ferromagnetism. Here we use magneto-optical Kerr effect 
microscopy to demonstrate that monolayer chromium triiodide 
(CrI3) is an Ising ferromagnet with out-of-plane spin orientation. 
Its Curie temperature of 45 kelvin is only slightly lower than that of 
the bulk crystal, 61 kelvin, which is consistent with a weak interlayer 
coupling. Moreover, our studies suggest a layer-dependent magnetic 
phase, highlighting thickness-dependent physical properties 
typical of van der Waals crystals17–19. Remarkably, bilayer CrI3 
displays suppressed magnetization with a metamagnetic effect20, 
whereas in trilayer CrI3 the interlayer ferromagnetism observed 
in the bulk crystal is restored. This work creates opportunities 
for studying magnetism by harnessing the unusual features of 
atomically thin materials, such as electrical control for realizing 
magnetoelectronics12, and van der Waals engineering to produce 
interface phenomena15.

Magnetic anisotropy is an important requirement for  realizing 
two-dimensional (2D) magnetism. In ultrathin metallic films, 
whether an easy axis can originate from symmetry reduction at the 
interface or surface is dependent on substrate properties and interface 
 quality21–23. In contrast, most van der Waals magnets have an intrinsic 
magnetocrystalline anisotropy owing to the reduced crystal symmetry 
of their layered structures. Several layered magnets exhibit effective 
2D magnetic interactions even in their bulk crystal form24,25. This 
implies that it might be possible to retain a magnetic ground state in a 
 monolayer. In addition to enabling the study of magnetism in naturally 
formed crystals in the true 2D limit, layered magnets provide a plat-
form for studying the thickness dependence of magnetism in isolated 
single crystals where the interaction with the underlying substrate is 
weak. These covalently bonded van der Waals layers prevent complex 
magnetization reorientations induced by epitaxial lattice reconstruc-
tion and strain23. For layered materials, these advantages come at a 
low fabrication cost, since the micromechanical exfoliation technique 
is much simpler than conventional approaches requiring sputtering or 
sophisticated molecular beam epitaxy.

A variety of layered magnetic compounds have recently been inves-
tigated to determine whether their magnetic properties can be retained 
down to monolayer thickness12–14,26. Recent Raman studies suggest 
ferromagnetic ordering in few-layer Cr2Ge2Te6 and antiferromagnetic 
ordering in monolayer FePS3

27,28. However, no evidence yet exists for 
ferromagnetism persisting down to the monolayer limit. One promising  
candidate is bulk crystalline CrI3. It shows layered Ising ferromag-
netism below a Curie temperature (TC) of 61 K with an out-of-plane 
easy axis (Fig. 1a and b, Extended Data Fig. 1)10,29. Given its van der 
Waals nature, we expect magnetocrystalline anisotropy, which could 
possibly lift the Mermin–Wagner restriction to stabilize long-range 
 ferromagnetic ordering even in a monolayer.

In our experiment, we obtained atomically thin CrI3 flakes by 
mechanical exfoliation of bulk crystals onto oxidized silicon sub-
strates (see Methods for CrI3 crystal growth10 and fabrication details). 
Given the reactivity of CrI3 flakes, sample preparation was carried 
out in a glove box under an inert atmosphere. We mainly employed 
optical  contrast based on the pixel red–green–blue (RGB) value to 
index the number of layers in a flake (see Methods for quantitative 
 optical microscopy in CrI3 and Extended Data Figs 2–4). Figure 1c is an 
 optical micrograph of a typical multi-step CrI3 flake on a 285-nm SiO2/
Si  substrate, showing regions ranging from 1 to 6 layers in thickness. 
Figure 1d shows an optical contrast map of the same region illuminated 
by 631-nm-filtered light. The extracted optical contrast as a function of 
layer thickness is in good agreement with models based on the Fresnel 
equations (Fig. 1e). To accurately determine the correspondence  
between optical contrast and flake thickness, we also measured the 
thickness of CrI3 flakes by atomic force microscopy, determined to 
be 0.7 nm per layer, after encapsulation with few-layer graphene (see 
Extended Data Fig. 5).

To probe the magnetic order, we employed polar magneto-optical 
Kerr effect (MOKE) measurements as a function of applied external 
magnetic field perpendicular to the sample plane (Faraday geometry). 
This design is sensitive to out-of-plane magnetization, and can detect 
small Kerr rotations, θK, of linearly polarized light down to 100 µ rad 
using an alternating-current polarization modulation technique as laid 
out in Extended Data Fig. 6. All optical measurements were carried 
out using a 633-nm HeNe laser and at a temperature of 15 K, unless 
otherwise specified. Figure 1f illustrates the MOKE signal from a thin 
bulk flake of CrI3. The observed hysteresis curve and remanent θK at 
zero magnetic field µoH =  0 T (where µo is the magnetic constant) are 
hallmarks of ferromagnetic ordering, consistent with its bulk ferro-
magnetism with out-of-plane magnetization. The negative remanent 
θK when approaching zero field from a positive external field is a con-
sequence of thin-film interference from reflections at the CrI3–SiO2 
and SiO2–Si interfaces (see Methods for thin-film interference and 
Extended Data Fig. 7).

1Department of Physics, University of Washington, Seattle, Washington 98195, USA. 2Department of Materials Science and Engineering, University of Washington, Seattle, Washington 98195, USA. 
3Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA. 4Department of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA. 
5Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA. 6Department of Physics and Center of Theoretical and Computational Physics, 
University of Hong Kong, Hong Kong, China.
*These authors contributed equally to this work.
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blue, defined as spin down). As the field is increased to 0.15 T, the mag-
netization in the upper half of the flake switches direction (now spin 
up, in red). As the field is further increased to 0.3 T, the lower half of the 
monolayer flips and the entire flake becomes spin up, parallel to µoH. 
This observation of micrometre-scale lateral domains suggests  different 
values of coercivity in each domain. Indeed, magnetic field sweeps 
(θK versus µoH) taken at discrete points ranging across both domains  
(Fig. 2d) show the difference in coercive field between the upper and 
lower half of the monolayer. Sweeps taken only on the upper domain 
(marked by a blue circle) show a much narrower hysteresis loop (about 
50 mT) than sweeps from spots on the lower domain (orange and 
 purple circles, about 200 mT). When the beam spot is centred between 
the two domains, contributions from both can be seen in the resulting 
hysteresis loop (green circle), a consequence of the approximately 1-µ m  
beam spot illuminating both domains.

To determine the monolayer TC, we perform an analysis of the 
 irreversible field-cooled and zero-field-cooled Kerr signal. Zero-field-
cooled sweeps were performed by measuring θK while cooling the 
sample in zero field. After warming up to a temperature well above 
TC (90 K), the field-cooled measurement is taken upon cooling down 
in the presence of a small external magnetic field (µoH =  0.15 T). 
Thermomagnetic irreversibility can be observed below TC, at which 
point the zero-field-cooled sweep and the field-cooled sweep diverge 
as illustrated in Fig. 2e. We measured the average TC for the monolayer 
samples to be 45 K, slightly lower than the value (61 K) for bulk samples.

The layered structure of CrI3 provides a unique opportunity to inves-
tigate ferromagnetism as a function of layer thickness.  Figure 3a–c  
shows θK versus µoH for representative 1–3-layer CrI3 samples. All 
measured monolayer and trilayer samples consistently show ferro-
magnetic behaviour with a single hysteresis loop centred at µoH =  0 T 
(Fig. 3a and c and Extended Data Fig. 8). Both remanent and saturation 
values of θK for trilayers are about 50 ±  10 mrad, which is an order of 
magnitude larger than for monolayers. This drastic change in θK on 
moving from monolayer to trilayer may be due to a layer- dependent 
electronic structure, leading to weaker optical resonance effects at 
633 nm for the monolayer than for the trilayer (see Extended Data Fig. 9  
and Methods for thin-film interference and MOKE signal in CrI3). 
We find that for trilayers and thin bulk samples, TC is consistent with 
the bulk value of 61 K. The relatively small decrease of TC from bulk 
to few-layer and monolayer samples suggests that interlayer interac-
tions do not dominate the ferromagnetic ordering in CrI3. Compared 
with metallic magnetic thin films whose magnetic properties strongly 
depend on the underlying substrate30, the weak layer-dependent TC also 
implies a negligible substrate effect on the ferromagnetic phenomena 
in atomically thin CrI3. As such, exfoliated CrI3 of all thicknesses can 
be regarded as isolated single crystals.

A further observation is that bilayer CrI3 shows a markedly different 
magnetic behaviour from the monolayer (Fig. 3b). For all ten bilayer 
samples measured, the MOKE signal is strongly suppressed, with θK 
approaching zero (subject to slight variation between samples, see 
Extended Data Fig. 8b) at field values ± 0.65 T. This observation implies 
a compensation for the out-of-plane magnetization. Upon crossing a 
critical field, θK shows a sharp jump, depicting a sudden recovery of 
the out-of-plane co-parallel orientation of the spins. This new magnetic 
state has a saturation θK (40 ±  10 mrad) an order of magnitude larger 
than that of monolayer samples, and slightly smaller than for trilayers.

The suppression of the Kerr signal at zero magnetic field demon-
strates that the ground state has zero out-of-plane magnetization. 
The plateau behaviour of the magnetization curve—showing three 
horizontal regimes between magnetic field values of − 1.1 T and 1.1 T 
(Fig. 3b)—further implies that there are no in-plane spin components; 
otherwise, one would expect a gradual increase of the MOKE signal 
with increasing perpendicular magnetic field. Rather, our observa-
tion suggests that each individual layer is ferromagnetically ordered  
(out-of-plane) while the interlayer coupling is antiferromagnetic. In 
this case, the strength of the interlayer coupling determines the field 

at which jumps between different plateaus occur, ± 0.65 T. Although 
the detailed mechanism of this coupling remains unclear, the differ-
ent magnetic phases observed in bilayers and trilayers emphasizes the 
strong layer-dependent interplay between different mechanisms that 
stabilize magnetic ordering in the atomically thin limit.

Another bilayer feature distinct from those of monolayers is the 
 vanishingly small hysteresis around the jumps, suggesting negligible 
net perpendicular anisotropy. A possible interpretation is that the shape 
anisotropy (which prefers in-plane spin orientation) nearly compen-
sates for the intrinsic magnetocrystalline anisotropy (which prefers out-
of-plane spin orientation) so that the overall anisotropy is close to zero.

The insets in Fig. 3b display the layer-by-layer switching behaviour 
that leads to plausible magnetic ground states of bilayer CrI3. When 
the magnetic field is ± 0.65 T, the magnetization of the two layers 
are oppositely oriented to one another. Thus, the net magnetization 
vanishes and bilayer CrI3 behaves as an antiferromagnet with an 
exchange field of about 0.65 T. When | µoH|  >  0.65 T, magnetization in 
one layer flips to align with the external magnetic field and restores 
out-of-plane magnetization, giving rise to the large MOKE signal. At 
around | µoH|  =  0.65 T, the MOKE signal sharply increases from near 
zero to its saturation value within about 100 mT, suggesting an abrupt 
increase of out-of-plane magnetization triggered by a small change of 
magnetic field. Such behaviour is indicative of metamagnetism, the 
magnetic-field-driven transition from antiferromagnetic ordering to 
a fully spin-polarized state20.
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Figure 3 | Layer-dependent magnetic ordering in atomically-thin 
CrI3. a, MOKE signal on a monolayer (1L) CrI3 flake, showing hysteresis 
in the Kerr rotation as a function of applied magnetic field, indicative 
of ferromagnetic behaviour. b, MOKE signal from a bilayer CrI3 
showing vanishing Kerr rotation for applied fields ± 0.65 T, suggesting 
antiferromagnetic behaviour. Insets depict bilayer (2L) magnetic ground 
states for different applied fields. c, MOKE signal on a trilayer (3L) flake, 
showing a return to ferromagnetic behaviour.
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blue, defined as spin down). As the field is increased to 0.15 T, the mag-
netization in the upper half of the flake switches direction (now spin 
up, in red). As the field is further increased to 0.3 T, the lower half of the 
monolayer flips and the entire flake becomes spin up, parallel to µoH. 
This observation of micrometre-scale lateral domains suggests  different 
values of coercivity in each domain. Indeed, magnetic field sweeps 
(θK versus µoH) taken at discrete points ranging across both domains  
(Fig. 2d) show the difference in coercive field between the upper and 
lower half of the monolayer. Sweeps taken only on the upper domain 
(marked by a blue circle) show a much narrower hysteresis loop (about 
50 mT) than sweeps from spots on the lower domain (orange and 
 purple circles, about 200 mT). When the beam spot is centred between 
the two domains, contributions from both can be seen in the resulting 
hysteresis loop (green circle), a consequence of the approximately 1-µ m  
beam spot illuminating both domains.

To determine the monolayer TC, we perform an analysis of the 
 irreversible field-cooled and zero-field-cooled Kerr signal. Zero-field-
cooled sweeps were performed by measuring θK while cooling the 
sample in zero field. After warming up to a temperature well above 
TC (90 K), the field-cooled measurement is taken upon cooling down 
in the presence of a small external magnetic field (µoH =  0.15 T). 
Thermomagnetic irreversibility can be observed below TC, at which 
point the zero-field-cooled sweep and the field-cooled sweep diverge 
as illustrated in Fig. 2e. We measured the average TC for the monolayer 
samples to be 45 K, slightly lower than the value (61 K) for bulk samples.

The layered structure of CrI3 provides a unique opportunity to inves-
tigate ferromagnetism as a function of layer thickness.  Figure 3a–c  
shows θK versus µoH for representative 1–3-layer CrI3 samples. All 
measured monolayer and trilayer samples consistently show ferro-
magnetic behaviour with a single hysteresis loop centred at µoH =  0 T 
(Fig. 3a and c and Extended Data Fig. 8). Both remanent and saturation 
values of θK for trilayers are about 50 ±  10 mrad, which is an order of 
magnitude larger than for monolayers. This drastic change in θK on 
moving from monolayer to trilayer may be due to a layer- dependent 
electronic structure, leading to weaker optical resonance effects at 
633 nm for the monolayer than for the trilayer (see Extended Data Fig. 9  
and Methods for thin-film interference and MOKE signal in CrI3). 
We find that for trilayers and thin bulk samples, TC is consistent with 
the bulk value of 61 K. The relatively small decrease of TC from bulk 
to few-layer and monolayer samples suggests that interlayer interac-
tions do not dominate the ferromagnetic ordering in CrI3. Compared 
with metallic magnetic thin films whose magnetic properties strongly 
depend on the underlying substrate30, the weak layer-dependent TC also 
implies a negligible substrate effect on the ferromagnetic phenomena 
in atomically thin CrI3. As such, exfoliated CrI3 of all thicknesses can 
be regarded as isolated single crystals.

A further observation is that bilayer CrI3 shows a markedly different 
magnetic behaviour from the monolayer (Fig. 3b). For all ten bilayer 
samples measured, the MOKE signal is strongly suppressed, with θK 
approaching zero (subject to slight variation between samples, see 
Extended Data Fig. 8b) at field values ± 0.65 T. This observation implies 
a compensation for the out-of-plane magnetization. Upon crossing a 
critical field, θK shows a sharp jump, depicting a sudden recovery of 
the out-of-plane co-parallel orientation of the spins. This new magnetic 
state has a saturation θK (40 ±  10 mrad) an order of magnitude larger 
than that of monolayer samples, and slightly smaller than for trilayers.

The suppression of the Kerr signal at zero magnetic field demon-
strates that the ground state has zero out-of-plane magnetization. 
The plateau behaviour of the magnetization curve—showing three 
horizontal regimes between magnetic field values of − 1.1 T and 1.1 T 
(Fig. 3b)—further implies that there are no in-plane spin components; 
otherwise, one would expect a gradual increase of the MOKE signal 
with increasing perpendicular magnetic field. Rather, our observa-
tion suggests that each individual layer is ferromagnetically ordered  
(out-of-plane) while the interlayer coupling is antiferromagnetic. In 
this case, the strength of the interlayer coupling determines the field 

at which jumps between different plateaus occur, ± 0.65 T. Although 
the detailed mechanism of this coupling remains unclear, the differ-
ent magnetic phases observed in bilayers and trilayers emphasizes the 
strong layer-dependent interplay between different mechanisms that 
stabilize magnetic ordering in the atomically thin limit.

Another bilayer feature distinct from those of monolayers is the 
 vanishingly small hysteresis around the jumps, suggesting negligible 
net perpendicular anisotropy. A possible interpretation is that the shape 
anisotropy (which prefers in-plane spin orientation) nearly compen-
sates for the intrinsic magnetocrystalline anisotropy (which prefers out-
of-plane spin orientation) so that the overall anisotropy is close to zero.

The insets in Fig. 3b display the layer-by-layer switching behaviour 
that leads to plausible magnetic ground states of bilayer CrI3. When 
the magnetic field is ± 0.65 T, the magnetization of the two layers 
are oppositely oriented to one another. Thus, the net magnetization 
vanishes and bilayer CrI3 behaves as an antiferromagnet with an 
exchange field of about 0.65 T. When | µoH|  >  0.65 T, magnetization in 
one layer flips to align with the external magnetic field and restores 
out-of-plane magnetization, giving rise to the large MOKE signal. At 
around | µoH|  =  0.65 T, the MOKE signal sharply increases from near 
zero to its saturation value within about 100 mT, suggesting an abrupt 
increase of out-of-plane magnetization triggered by a small change of 
magnetic field. Such behaviour is indicative of metamagnetism, the 
magnetic-field-driven transition from antiferromagnetic ordering to 
a fully spin-polarized state20.
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Figure 3 | Layer-dependent magnetic ordering in atomically-thin 
CrI3. a, MOKE signal on a monolayer (1L) CrI3 flake, showing hysteresis 
in the Kerr rotation as a function of applied magnetic field, indicative 
of ferromagnetic behaviour. b, MOKE signal from a bilayer CrI3 
showing vanishing Kerr rotation for applied fields ± 0.65 T, suggesting 
antiferromagnetic behaviour. Insets depict bilayer (2L) magnetic ground 
states for different applied fields. c, MOKE signal on a trilayer (3L) flake, 
showing a return to ferromagnetic behaviour.
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Layer-dependent ferromagnetism in a van der 
Waals crystal down to the monolayer limit
Bevin Huang1*, Genevieve Clark2*, Efrén Navarro-Moratalla3*, Dahlia R. Klein3, Ran Cheng4, Kyle L. Seyler1, Ding Zhong1, 
Emma Schmidgall1, Michael A. McGuire5, David H. Cobden1, Wang Yao6, Di Xiao4, Pablo Jarillo-Herrero3 & Xiaodong Xu1,2

Since the discovery of graphene1, the family of two-dimensional 
materials has grown, displaying a broad range of electronic 
properties. Recent additions include semiconductors with spin–
valley coupling2, Ising superconductors3–5 that can be tuned into 
a quantum metal6, possible Mott insulators with tunable charge-
density waves7, and topological semimetals with edge transport8,9. 
However, no two-dimensional crystal with intrinsic magnetism 
has yet been discovered10–14; such a crystal would be useful in 
many technologies from sensing to data storage15. Theoretically, 
magnetic order is prohibited in the two-dimensional isotropic 
Heisenberg model at finite temperatures by the Mermin–Wagner 
theorem16. Magnetic anisotropy removes this restriction, however, 
and enables, for instance, the occurrence of two-dimensional 
Ising ferromagnetism. Here we use magneto-optical Kerr effect 
microscopy to demonstrate that monolayer chromium triiodide 
(CrI3) is an Ising ferromagnet with out-of-plane spin orientation. 
Its Curie temperature of 45 kelvin is only slightly lower than that of 
the bulk crystal, 61 kelvin, which is consistent with a weak interlayer 
coupling. Moreover, our studies suggest a layer-dependent magnetic 
phase, highlighting thickness-dependent physical properties 
typical of van der Waals crystals17–19. Remarkably, bilayer CrI3 
displays suppressed magnetization with a metamagnetic effect20, 
whereas in trilayer CrI3 the interlayer ferromagnetism observed 
in the bulk crystal is restored. This work creates opportunities 
for studying magnetism by harnessing the unusual features of 
atomically thin materials, such as electrical control for realizing 
magnetoelectronics12, and van der Waals engineering to produce 
interface phenomena15.

Magnetic anisotropy is an important requirement for  realizing 
two-dimensional (2D) magnetism. In ultrathin metallic films, 
whether an easy axis can originate from symmetry reduction at the 
interface or surface is dependent on substrate properties and interface 
 quality21–23. In contrast, most van der Waals magnets have an intrinsic 
magnetocrystalline anisotropy owing to the reduced crystal symmetry 
of their layered structures. Several layered magnets exhibit effective 
2D magnetic interactions even in their bulk crystal form24,25. This 
implies that it might be possible to retain a magnetic ground state in a 
 monolayer. In addition to enabling the study of magnetism in naturally 
formed crystals in the true 2D limit, layered magnets provide a plat-
form for studying the thickness dependence of magnetism in isolated 
single crystals where the interaction with the underlying substrate is 
weak. These covalently bonded van der Waals layers prevent complex 
magnetization reorientations induced by epitaxial lattice reconstruc-
tion and strain23. For layered materials, these advantages come at a 
low fabrication cost, since the micromechanical exfoliation technique 
is much simpler than conventional approaches requiring sputtering or 
sophisticated molecular beam epitaxy.

A variety of layered magnetic compounds have recently been inves-
tigated to determine whether their magnetic properties can be retained 
down to monolayer thickness12–14,26. Recent Raman studies suggest 
ferromagnetic ordering in few-layer Cr2Ge2Te6 and antiferromagnetic 
ordering in monolayer FePS3

27,28. However, no evidence yet exists for 
ferromagnetism persisting down to the monolayer limit. One promising  
candidate is bulk crystalline CrI3. It shows layered Ising ferromag-
netism below a Curie temperature (TC) of 61 K with an out-of-plane 
easy axis (Fig. 1a and b, Extended Data Fig. 1)10,29. Given its van der 
Waals nature, we expect magnetocrystalline anisotropy, which could 
possibly lift the Mermin–Wagner restriction to stabilize long-range 
 ferromagnetic ordering even in a monolayer.

In our experiment, we obtained atomically thin CrI3 flakes by 
mechanical exfoliation of bulk crystals onto oxidized silicon sub-
strates (see Methods for CrI3 crystal growth10 and fabrication details). 
Given the reactivity of CrI3 flakes, sample preparation was carried 
out in a glove box under an inert atmosphere. We mainly employed 
optical  contrast based on the pixel red–green–blue (RGB) value to 
index the number of layers in a flake (see Methods for quantitative 
 optical microscopy in CrI3 and Extended Data Figs 2–4). Figure 1c is an 
 optical micrograph of a typical multi-step CrI3 flake on a 285-nm SiO2/
Si  substrate, showing regions ranging from 1 to 6 layers in thickness. 
Figure 1d shows an optical contrast map of the same region illuminated 
by 631-nm-filtered light. The extracted optical contrast as a function of 
layer thickness is in good agreement with models based on the Fresnel 
equations (Fig. 1e). To accurately determine the correspondence  
between optical contrast and flake thickness, we also measured the 
thickness of CrI3 flakes by atomic force microscopy, determined to 
be 0.7 nm per layer, after encapsulation with few-layer graphene (see 
Extended Data Fig. 5).

To probe the magnetic order, we employed polar magneto-optical 
Kerr effect (MOKE) measurements as a function of applied external 
magnetic field perpendicular to the sample plane (Faraday geometry). 
This design is sensitive to out-of-plane magnetization, and can detect 
small Kerr rotations, θK, of linearly polarized light down to 100 µ rad 
using an alternating-current polarization modulation technique as laid 
out in Extended Data Fig. 6. All optical measurements were carried 
out using a 633-nm HeNe laser and at a temperature of 15 K, unless 
otherwise specified. Figure 1f illustrates the MOKE signal from a thin 
bulk flake of CrI3. The observed hysteresis curve and remanent θK at 
zero magnetic field µoH =  0 T (where µo is the magnetic constant) are 
hallmarks of ferromagnetic ordering, consistent with its bulk ferro-
magnetism with out-of-plane magnetization. The negative remanent 
θK when approaching zero field from a positive external field is a con-
sequence of thin-film interference from reflections at the CrI3–SiO2 
and SiO2–Si interfaces (see Methods for thin-film interference and 
Extended Data Fig. 7).
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blue, defined as spin down). As the field is increased to 0.15 T, the mag-
netization in the upper half of the flake switches direction (now spin 
up, in red). As the field is further increased to 0.3 T, the lower half of the 
monolayer flips and the entire flake becomes spin up, parallel to µoH. 
This observation of micrometre-scale lateral domains suggests  different 
values of coercivity in each domain. Indeed, magnetic field sweeps 
(θK versus µoH) taken at discrete points ranging across both domains  
(Fig. 2d) show the difference in coercive field between the upper and 
lower half of the monolayer. Sweeps taken only on the upper domain 
(marked by a blue circle) show a much narrower hysteresis loop (about 
50 mT) than sweeps from spots on the lower domain (orange and 
 purple circles, about 200 mT). When the beam spot is centred between 
the two domains, contributions from both can be seen in the resulting 
hysteresis loop (green circle), a consequence of the approximately 1-µ m  
beam spot illuminating both domains.

To determine the monolayer TC, we perform an analysis of the 
 irreversible field-cooled and zero-field-cooled Kerr signal. Zero-field-
cooled sweeps were performed by measuring θK while cooling the 
sample in zero field. After warming up to a temperature well above 
TC (90 K), the field-cooled measurement is taken upon cooling down 
in the presence of a small external magnetic field (µoH =  0.15 T). 
Thermomagnetic irreversibility can be observed below TC, at which 
point the zero-field-cooled sweep and the field-cooled sweep diverge 
as illustrated in Fig. 2e. We measured the average TC for the monolayer 
samples to be 45 K, slightly lower than the value (61 K) for bulk samples.

The layered structure of CrI3 provides a unique opportunity to inves-
tigate ferromagnetism as a function of layer thickness.  Figure 3a–c  
shows θK versus µoH for representative 1–3-layer CrI3 samples. All 
measured monolayer and trilayer samples consistently show ferro-
magnetic behaviour with a single hysteresis loop centred at µoH =  0 T 
(Fig. 3a and c and Extended Data Fig. 8). Both remanent and saturation 
values of θK for trilayers are about 50 ±  10 mrad, which is an order of 
magnitude larger than for monolayers. This drastic change in θK on 
moving from monolayer to trilayer may be due to a layer- dependent 
electronic structure, leading to weaker optical resonance effects at 
633 nm for the monolayer than for the trilayer (see Extended Data Fig. 9  
and Methods for thin-film interference and MOKE signal in CrI3). 
We find that for trilayers and thin bulk samples, TC is consistent with 
the bulk value of 61 K. The relatively small decrease of TC from bulk 
to few-layer and monolayer samples suggests that interlayer interac-
tions do not dominate the ferromagnetic ordering in CrI3. Compared 
with metallic magnetic thin films whose magnetic properties strongly 
depend on the underlying substrate30, the weak layer-dependent TC also 
implies a negligible substrate effect on the ferromagnetic phenomena 
in atomically thin CrI3. As such, exfoliated CrI3 of all thicknesses can 
be regarded as isolated single crystals.

A further observation is that bilayer CrI3 shows a markedly different 
magnetic behaviour from the monolayer (Fig. 3b). For all ten bilayer 
samples measured, the MOKE signal is strongly suppressed, with θK 
approaching zero (subject to slight variation between samples, see 
Extended Data Fig. 8b) at field values ± 0.65 T. This observation implies 
a compensation for the out-of-plane magnetization. Upon crossing a 
critical field, θK shows a sharp jump, depicting a sudden recovery of 
the out-of-plane co-parallel orientation of the spins. This new magnetic 
state has a saturation θK (40 ±  10 mrad) an order of magnitude larger 
than that of monolayer samples, and slightly smaller than for trilayers.

The suppression of the Kerr signal at zero magnetic field demon-
strates that the ground state has zero out-of-plane magnetization. 
The plateau behaviour of the magnetization curve—showing three 
horizontal regimes between magnetic field values of − 1.1 T and 1.1 T 
(Fig. 3b)—further implies that there are no in-plane spin components; 
otherwise, one would expect a gradual increase of the MOKE signal 
with increasing perpendicular magnetic field. Rather, our observa-
tion suggests that each individual layer is ferromagnetically ordered  
(out-of-plane) while the interlayer coupling is antiferromagnetic. In 
this case, the strength of the interlayer coupling determines the field 

at which jumps between different plateaus occur, ± 0.65 T. Although 
the detailed mechanism of this coupling remains unclear, the differ-
ent magnetic phases observed in bilayers and trilayers emphasizes the 
strong layer-dependent interplay between different mechanisms that 
stabilize magnetic ordering in the atomically thin limit.

Another bilayer feature distinct from those of monolayers is the 
 vanishingly small hysteresis around the jumps, suggesting negligible 
net perpendicular anisotropy. A possible interpretation is that the shape 
anisotropy (which prefers in-plane spin orientation) nearly compen-
sates for the intrinsic magnetocrystalline anisotropy (which prefers out-
of-plane spin orientation) so that the overall anisotropy is close to zero.

The insets in Fig. 3b display the layer-by-layer switching behaviour 
that leads to plausible magnetic ground states of bilayer CrI3. When 
the magnetic field is ± 0.65 T, the magnetization of the two layers 
are oppositely oriented to one another. Thus, the net magnetization 
vanishes and bilayer CrI3 behaves as an antiferromagnet with an 
exchange field of about 0.65 T. When | µoH|  >  0.65 T, magnetization in 
one layer flips to align with the external magnetic field and restores 
out-of-plane magnetization, giving rise to the large MOKE signal. At 
around | µoH|  =  0.65 T, the MOKE signal sharply increases from near 
zero to its saturation value within about 100 mT, suggesting an abrupt 
increase of out-of-plane magnetization triggered by a small change of 
magnetic field. Such behaviour is indicative of metamagnetism, the 
magnetic-field-driven transition from antiferromagnetic ordering to 
a fully spin-polarized state20.
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Figure 3 | Layer-dependent magnetic ordering in atomically-thin 
CrI3. a, MOKE signal on a monolayer (1L) CrI3 flake, showing hysteresis 
in the Kerr rotation as a function of applied magnetic field, indicative 
of ferromagnetic behaviour. b, MOKE signal from a bilayer CrI3 
showing vanishing Kerr rotation for applied fields ± 0.65 T, suggesting 
antiferromagnetic behaviour. Insets depict bilayer (2L) magnetic ground 
states for different applied fields. c, MOKE signal on a trilayer (3L) flake, 
showing a return to ferromagnetic behaviour.
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blue, defined as spin down). As the field is increased to 0.15 T, the mag-
netization in the upper half of the flake switches direction (now spin 
up, in red). As the field is further increased to 0.3 T, the lower half of the 
monolayer flips and the entire flake becomes spin up, parallel to µoH. 
This observation of micrometre-scale lateral domains suggests  different 
values of coercivity in each domain. Indeed, magnetic field sweeps 
(θK versus µoH) taken at discrete points ranging across both domains  
(Fig. 2d) show the difference in coercive field between the upper and 
lower half of the monolayer. Sweeps taken only on the upper domain 
(marked by a blue circle) show a much narrower hysteresis loop (about 
50 mT) than sweeps from spots on the lower domain (orange and 
 purple circles, about 200 mT). When the beam spot is centred between 
the two domains, contributions from both can be seen in the resulting 
hysteresis loop (green circle), a consequence of the approximately 1-µ m  
beam spot illuminating both domains.

To determine the monolayer TC, we perform an analysis of the 
 irreversible field-cooled and zero-field-cooled Kerr signal. Zero-field-
cooled sweeps were performed by measuring θK while cooling the 
sample in zero field. After warming up to a temperature well above 
TC (90 K), the field-cooled measurement is taken upon cooling down 
in the presence of a small external magnetic field (µoH =  0.15 T). 
Thermomagnetic irreversibility can be observed below TC, at which 
point the zero-field-cooled sweep and the field-cooled sweep diverge 
as illustrated in Fig. 2e. We measured the average TC for the monolayer 
samples to be 45 K, slightly lower than the value (61 K) for bulk samples.

The layered structure of CrI3 provides a unique opportunity to inves-
tigate ferromagnetism as a function of layer thickness.  Figure 3a–c  
shows θK versus µoH for representative 1–3-layer CrI3 samples. All 
measured monolayer and trilayer samples consistently show ferro-
magnetic behaviour with a single hysteresis loop centred at µoH =  0 T 
(Fig. 3a and c and Extended Data Fig. 8). Both remanent and saturation 
values of θK for trilayers are about 50 ±  10 mrad, which is an order of 
magnitude larger than for monolayers. This drastic change in θK on 
moving from monolayer to trilayer may be due to a layer- dependent 
electronic structure, leading to weaker optical resonance effects at 
633 nm for the monolayer than for the trilayer (see Extended Data Fig. 9  
and Methods for thin-film interference and MOKE signal in CrI3). 
We find that for trilayers and thin bulk samples, TC is consistent with 
the bulk value of 61 K. The relatively small decrease of TC from bulk 
to few-layer and monolayer samples suggests that interlayer interac-
tions do not dominate the ferromagnetic ordering in CrI3. Compared 
with metallic magnetic thin films whose magnetic properties strongly 
depend on the underlying substrate30, the weak layer-dependent TC also 
implies a negligible substrate effect on the ferromagnetic phenomena 
in atomically thin CrI3. As such, exfoliated CrI3 of all thicknesses can 
be regarded as isolated single crystals.

A further observation is that bilayer CrI3 shows a markedly different 
magnetic behaviour from the monolayer (Fig. 3b). For all ten bilayer 
samples measured, the MOKE signal is strongly suppressed, with θK 
approaching zero (subject to slight variation between samples, see 
Extended Data Fig. 8b) at field values ± 0.65 T. This observation implies 
a compensation for the out-of-plane magnetization. Upon crossing a 
critical field, θK shows a sharp jump, depicting a sudden recovery of 
the out-of-plane co-parallel orientation of the spins. This new magnetic 
state has a saturation θK (40 ±  10 mrad) an order of magnitude larger 
than that of monolayer samples, and slightly smaller than for trilayers.

The suppression of the Kerr signal at zero magnetic field demon-
strates that the ground state has zero out-of-plane magnetization. 
The plateau behaviour of the magnetization curve—showing three 
horizontal regimes between magnetic field values of − 1.1 T and 1.1 T 
(Fig. 3b)—further implies that there are no in-plane spin components; 
otherwise, one would expect a gradual increase of the MOKE signal 
with increasing perpendicular magnetic field. Rather, our observa-
tion suggests that each individual layer is ferromagnetically ordered  
(out-of-plane) while the interlayer coupling is antiferromagnetic. In 
this case, the strength of the interlayer coupling determines the field 
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of-plane spin orientation) so that the overall anisotropy is close to zero.
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that leads to plausible magnetic ground states of bilayer CrI3. When 
the magnetic field is ± 0.65 T, the magnetization of the two layers 
are oppositely oriented to one another. Thus, the net magnetization 
vanishes and bilayer CrI3 behaves as an antiferromagnet with an 
exchange field of about 0.65 T. When | µoH|  >  0.65 T, magnetization in 
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Figure 3 | Layer-dependent magnetic ordering in atomically-thin 
CrI3. a, MOKE signal on a monolayer (1L) CrI3 flake, showing hysteresis 
in the Kerr rotation as a function of applied magnetic field, indicative 
of ferromagnetic behaviour. b, MOKE signal from a bilayer CrI3 
showing vanishing Kerr rotation for applied fields ± 0.65 T, suggesting 
antiferromagnetic behaviour. Insets depict bilayer (2L) magnetic ground 
states for different applied fields. c, MOKE signal on a trilayer (3L) flake, 
showing a return to ferromagnetic behaviour.
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Stacking and magnetic energy

temperature bulk structure (see Figure 1b,e), and the AB′-
stacking (C2h point group) from the high-temperature bulk
structure (see Figure 1c,f). Hereafter, the various stacking
orders will be discussed with respect to the AB-stacking.
We calculate the total energies using first-principles

calculations as implemented in Vienna ab initio simulation
package (VASP),23 with the PBEsol functional.24 A Hubbard
on-site Coulomb parameter (U) of 3 eV was chosen for the Cr

atoms to account for strong electronic correlations, as
suggested by Liechtenstein et al.25 A vacuum region in excess
of 15 Å was used for the bilayer. Structural relaxation was done
with a force convergence tolerance of 1 meV/Å, in a regular 12
× 12 × 1 Monkhorst−Pack grid with a plane-wave cutoff
energy of 450 eV. The computed structural parameters are
close to the experimental values for bulk CrI3 and are listed in
the Supporting Information.26 A stacking-constraint relaxation

Figure 1. Crystal structure for different stacking orders of CrI3. (a−c) Top view and (d−f) side view of monolayer CrI3 (a and d), bilayer CrI3 in
AB-stacking (b and e), and bilayer CrI3 in AB′-stacking (c and f), along with their corresponding point groups. For clarity, the same atoms in the
top and the bottom layer are shown by different colors. Blue (dark blue) balls represent the Cr atoms in the top (bottom) layer. Orange (red) balls
represent the I atoms in the top (bottom) layer. The Cr−I octahedron is shown only for the monolayer. The high-symmetry [100]- and [11̅0]-
lateral shift directions are labeled in part a as red and blue translucent arrows, respectively. The honeycomb network of the Cr atoms is shown for
the two bilayers in parts b and c. The relative stacking between the layers is shown by black arrows. AB′-stacking corresponds to a fractional lateral
shift of the bottom CrI3 layer by [1/3,0] with respect to the AB-stacking, and is labeled in part c. The change in the relative stacking order for the
lateral shift is shown in parts e and f by dashed and dotted lines. The crystal structure is drawn using VESTA.21

Figure 2. Stacking energy and the interlayer exchange energy as a function of lateral shift, with respect to the AB-stacking. The stacking energies are
shown for (a) the high-symmetry [100]- (dotted blue line) and [11̅0]-directions (solid red line), and for (c) the full space of lateral shifts. The
corresponding exchange energy is shown for different stacking orders for (b) the high-symmetry [100]- (dotted blue line) and [11̅0]-directions
(solid red line), and for (d) the full space of lateral shifts, with positive (negative) regions corresponds to stacking which is AFM (FM). AB′-, AC′-,
AA- and AB′1-stacking orders correspond to a fractional lateral shift of the bottom CrI3 layer by [1/3, 0], [2/3, 0], [2/3, 1/3] and [1/6, −1/6] with
respect to the AB-stacking, respectively. The heat-maps in parts c and d were drawn by interpolating over the neighboring data points on a 6 × 6
grid.
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Figure 2. Stacking energy and the interlayer exchange energy as a function of lateral shift, with respect to the AB-stacking. The stacking energies are
shown for (a) the high-symmetry [100]- (dotted blue line) and [11̅0]-directions (solid red line), and for (c) the full space of lateral shifts. The
corresponding exchange energy is shown for different stacking orders for (b) the high-symmetry [100]- (dotted blue line) and [11̅0]-directions
(solid red line), and for (d) the full space of lateral shifts, with positive (negative) regions corresponds to stacking which is AFM (FM). AB′-, AC′-,
AA- and AB′1-stacking orders correspond to a fractional lateral shift of the bottom CrI3 layer by [1/3, 0], [2/3, 0], [2/3, 1/3] and [1/6, −1/6] with
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Interlayer super-super exchange

stacking energies, the interlayer exchange energies are
qualitatively unaffected. AB- and AA-stacking prefers FM
with AB′-, AC′- and AB′1-stacking preferring AFM, just like in
Figure 2b. We thus conclude that the stacking order defines the
interlayer exchange coupling for the above-identified struc-
tures. This strong spin-stacking coupling in bilayer CrI3
provides a new route to tune the magnetic ground state
between AFM and FM.
Next, we discuss the microscopic mechanism of the

magnetic coupling. Because the Cr atoms in CrI3 are in a d3

electronic configuration, and the top of the valence band is
made up of a combination of the three t2g orbitals, the simplest
model to describe the magnetism in bilayer CrI3 includes only
the nearest-neighbor intralayer and interlayer exchange
interactions.26 We find that the intralayer exchange is strongly
FM (−2.2 meV/μB2) and dominates the interlayer exchange
which is stacking dependent (0.04 meV/μB

2 for AB′-
stacking).26 Therefore, CrI3 bilayers can be viewed as two
macroscopic spins with AFM interactions between them. The

energy required to flip a spin involves not only overcoming the
interlayer exchange energy but also the intralayer exchange
energy as well. This suggests that the Neél temperature for the
bilayer should be comparable to the Curie temperature of the
monolayer, as reported by experiments.1

As we are interested in the stacking-dependent magnetism,
we focus on the interlayer exchange interaction. Figure 4(a)
shows a schematic of the different exchange interactions
between Cr atoms in different layers. Hopping of the form t2g−
t2g is prohibited for FM alignment (blue), whereas this is
allowed for AFM alignment (red). Therefore, t2g−t2g hybrid-
ization leads to AFM. On the other hand, hopping of the form
t2g−eg leads to an exchange coupling that is predominantly FM
because of the local Hund coupling.36−38 All these interlayer
Cr−Cr exchange interactions are mediated by the hybrid-
ization between the I p orbitals and, therefore, SSE in nature.39

The stacking-dependent magnetism originates from a com-
petition between the different interlayer orbital hybridizations.
Such a competition is most evident in AB-stacking. The

interlayer Cr−Cr nearest-neighbors J1⊥ (blue) and the second-
neighbors J2⊥ (red) for AB-stacking is shown in Figure 4b. J1⊥
is dominated by virtual excitations between Cr half-filled t2g
orbitals, as shown schematically in Figure 4c, and induces an
AFM coupling.40 In stark contrast, J2⊥ is dominated by a virtual
excitation between the Cr half-filled t2g orbitals and the empty
eg orbitals resulting in a net FM coupling, as shown in Figure
4d. AB-stacking has one J1⊥ bond and 16 J2⊥ bonds per unit
cell, as listed in Table 1. Hence, the second-neighbor FM
interlayer SSE dominates the AFM nearest-neighbor interlayer
exchange, making AB-stacking strongly FM.51

For each stacking order, the ground state magnetism is
determined by the competition between the different orbital-
dependent AFM and FM exchange interactions. A lateral shift
of one monolayer with respect to the other breaks the

Table 1. Interlayer Nearest-Neighboring (NN) and Second-
Neighboring Distances (2nd-NN) between Cr Atoms, with
the Corresponding Coordination Number per Unit Cell in
Square Brackets for the Different Stacking Orders from a
Rigid Shift of the AB-Stacking (Stacking-Constraint
Relaxed)A

Stacking Cr−Cr NN (Å) Cr−Cr second-NN (Å) I−I (Å)
AB 6.7 (6.7) [1] 7.8 (7.8) [16] 4.2 (4.2)
AB′ 7.1 (7.1) [6] 8.1 (8.2) [6] 4.2 (4.2)
AC′ 7.1 (7.7) [6] 8.1 (8.7) [6] 3.6 (4.3)
AB′1 7.0 (7.5) [2] 7.5 (8.0) [8] 3.7 (4.2)
AA 6.7 (7.0) [2] 7.8 (8.0) [10] 4.1 (4.3)

AThe shortest interlayer I−I distance is also listed.

Figure 4. Interlayer exchange. (a) Schematic of the orbital dependent interlayer SSE interactions. Hopping of the form t2g−t2g is prohibited in FM
exchange (blue), whereas this is allowed in AFM exchange (red). Interlayer Cr nearest-neighbor (J1⊥, in blue) and the second-neighbor (J2⊥, in red)
in (b) AB-stacking and (e) the nearest-neighbor (J′1⊥, in green) in AB′-stacking. Schematics for (c) the AFM SSE J1⊥ involving half-filled t2g
orbitals, (d) the FM SSE J2⊥ between half-filled t2g orbital and empty eg orbital, and (f) the AFM SSE J′1⊥ between half-filled t2g orbitals.
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stacking energies, the interlayer exchange energies are
qualitatively unaffected. AB- and AA-stacking prefers FM
with AB′-, AC′- and AB′1-stacking preferring AFM, just like in
Figure 2b. We thus conclude that the stacking order defines the
interlayer exchange coupling for the above-identified struc-
tures. This strong spin-stacking coupling in bilayer CrI3
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eg orbitals resulting in a net FM coupling, as shown in Figure
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with AB′-, AC′- and AB′1-stacking preferring AFM, just like in
Figure 2b. We thus conclude that the stacking order defines the
interlayer exchange coupling for the above-identified struc-
tures. This strong spin-stacking coupling in bilayer CrI3
provides a new route to tune the magnetic ground state
between AFM and FM.
Next, we discuss the microscopic mechanism of the
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orbitals, as shown schematically in Figure 4c, and induces an
AFM coupling.40 In stark contrast, J2⊥ is dominated by a virtual
excitation between the Cr half-filled t2g orbitals and the empty
eg orbitals resulting in a net FM coupling, as shown in Figure
4d. AB-stacking has one J1⊥ bond and 16 J2⊥ bonds per unit
cell, as listed in Table 1. Hence, the second-neighbor FM
interlayer SSE dominates the AFM nearest-neighbor interlayer
exchange, making AB-stacking strongly FM.51
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Stacking dependent magnetism is tied to local stacking of octahedrons.  
Applicable to other 2D magnets as well
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Figure 1 | Second harmonic generation (SHG) response from a CrI3 bilayer. a, Atomic 
structure of CrI3 monolayer. Six chromium atoms (gray) are connected by thin red solid lines 
forming a hexagon, three iodine atoms in the top (orange) and bottom (blue) layers are 
connected by solid and dashed red lines, respectively, forming equilateral triangles. b, Side 
view of a CrI3 bilayer. The two layers are orientated in the same crystallographic direction 
with a possible lateral translation indicated by the arrow. c, Schematics of two 
antiferromagnetic states of a CrI3 bilayer. Either a spatial inversion (r o -r) operation or a 
time reversal (t o -t) operation converts one antiferromagnetic state to the other, but not to 
itself. d, Schematic of a ferromagnetic state of a CrI3 bilayer with the centrosymmetric spin-
lattice structure. e, Optical microscope image of a CrI3 bilayer (delineated by the white dotted 
line) and a thicker flake. Scale bar: 5 Pm. f-h, The corresponding SHG intensity images when 
the bilayer is f, nonmagnetic (0 T, 50 K), g, antiferromagnetic (0 T, 5 K) and h, 
ferromagnetic (-1 T, 5 K). i, SHG intensity of the bilayer as a function of temperature. All 
data were taken at the green dot in g. The red solid curve is a guide-to-the-eye.  
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Figure 3 | Polarization-resolved SHG in the layered antiferromagnetic state. a, 
Circularly polarized SHG optical selection rules with three-fold rotational symmetry. The 
upward and downward arrows represent the fundamental and second-harmonic light, 
respectively. b-e, Polarization-resolved SHG intensity images at zero magnetic field: b σ+/σ-, 
c σ-/σ+, d σ+/σ+, and e σ-/σ-. f, Polarization-resolved SHG spectra. g-i, Azimuthal SHG 
polarization dependence at 0 T with the fundamental wavelength of g, 900 nm, h, 970 nm and 
i, 1040 nm. The excitation and detection beams were linearly polarized, with XX and XY 
referring to the two beams being co- and cross-linearly polarized, respectively. Data in (f) to 
(i) were obtained at the position marked by the green dot in Fig. 1g. Solid lines are fits by the 
c-type second order nonlinear tensors associated with C2h symmetry (monoclinic stacking 
structure), as described in Methods. 

SHG angle dependence shows clear C2 symmetry, consistent with 
monoclinic stacking (rhombohedral stacking should show C3)



Stacking dependence in CrCl3
 

 
Figure S8 | Calculated energy difference versus layer spacing. Calculated energy difference 
between FM and AFM states for bilayer CrCl3 as a function of interlayer separation in the (a) 
C2/m-type and (b) R3\-type configurations using different DFT functionals. (c) shows the 
difference between the C2/m-type and R3\-type energy differences versus interlayer separation. 
 
 
 

 
 
Figure S9 | Calculated energy difference versus layer displacement. Calculated energy 
difference (in meV) between FM and AFM states for bilayer CrCl3 as a function of interlayer 
displacements in the in-plane X and Y directions. The layer separation is fixed at 6 Å and the DFT 
functional used is LDA using a Cr pseudo-potential. The C2/m-type and R3\-type stacking phases 
are indicated by the black and magenta circles, respectively. 
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Similar map of interlayer exchange has been found in CrCl3



What is the consequence of 
stacking-dependent magnetism?



Stacking dependent magnetism

Rhombohedral AAMonoclinic
Stacking 
vector

The interlayer binding energy is much larger than 
the exchange interaction.

FM AFM



Structural domain walls

Rhombohedral-Rhombohedral (RR) 

Monoclinic-Monoclinic (MM) 

Rhombohedral-Monoclinic (RM)

B= 54.307 eV and G =  39.248 eV are bulk and shear modulus (DFT)

Energy of the domain wall



Structural domain walls

Minimization is performed by solving 
the following differential equation:
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FIG. 1. (a) Interlayer potential energy per unit cell as a function of
stackings b for bilayer CrI3 calculated with density functional the-
ory [23]. Important stackings are rhombohedral (red dot), mono-
clinic (blue dot), AA (green dot) and AC (brown dot) stackings. Red,
cyan and yellow lines represent the paths of the stacking vector b for
RR, MM and RM domain walls, respectively. Inset: definition of the
stacking vector b; red (blue) lattice denotes the top (bottom) layer.
(b) The energy di�erence per unit cell between interlayer FM and in-
terlayer AFM CrI3 as a function of stackings. (c) The top view of
the three types of stacking domain walls, with the stacking vectors
denoted by purple arrows. The stacking of the left (right) domain is
sketched on the left (right) side. (d) J (x) across di�erent types of
stacking domain walls.

between two rhombohedral stackings (denoted as RR domain
wall), between rhombohedral and monoclinic stackings (RM
domain wall) and between two monoclinic stackings (MM do-
main wall).

To quantitatively characterize b(x) for each domain wall,
we employ continuous elastic theory. Since the energy scale of
di�erent stackings is larger than the energy scale of magnetism
by at least one order of magnitude, we ignore the influence of
magnetism at this stage. The stacking energy of the domain
wall is a summation of the interlayer potential energy and the
elastic energy:

Estr =
1
P   

ÿ

*ÿ

⌧
V (b) + B + G

4 ()xbx)2 +
G
4 ()xb

z)2
�
dx, (1)

where V (b) is interlayer potential energy per unit cell
[Fig. 1(a)], P  is the area of the unit cell, B = 54307 meV per
unit cell is the bulk modulus of monolayer CrI3 andG = 39248
meV per unit cell is the shear modulus [23]. In Eq. (1), we
have assumed that the absolute displacements of the top and
the bottom layer are ±b(x)_2.

The elastic energy Estr can be minimized by solving the
Euler-Lagrangian equation �Estr_�b = 0. For the RM do-
main wall, V is roughly reflection symmetric with respect to
the line connecting rhombohedral and monoclinic stackings
[yellow line in Fig. 1(a)], and we can safely assume b(x) simply
takes this straight path [bx(x) = 0]. Furthermore, V can be ap-

proximated as a cosine function on the path of the stacking vec-
tor: the two minima of the cosine function at ±p correspond
to rhombohedral and monoclinic stackings; the maximum of
the cosine function is in the middle between the two stable
stackings. With this assumption, the Euler-Lagrangian equa-
tion reduces to the sine-Gordon equation and admits a soliton
solution:

bz = 2(bzright * bzlef t ) arctan[exp(x_w)]_p + bzlef t . (2)

The characteristic width w = blef t * bright
˘
G_V0_p is

roughly 8.8 Å. Here, V0 is the barrier of V along the path of
b(x). Notice that the range of x for which arctan[exp(x_w)]
varies significantly is roughly 6w.

In contrast, for the RR and MM domain walls, b(x) has to
bypass a high energy barrier [brown dot in Fig. 1(a)], and an-
alytic solutions cannot be obtained. We instead numerically
solve the Euler-Lagrangian equation and present b(x) as the
red line and cyan line in Fig. 1(a) for the two types of domain
walls. Nevertheless, it is possible to fit bz to Eq. (2) and the
characteristic widths for the RR and MM domain walls are 9.5
and 7.5 Å, respectively. All three types of stacking domain
walls are plotted in Fig. 1(c). Note that we are studying shear
domain walls and therefore blef t * bright is always along the z
direction.

1D magnon channel.—The variation of the stacking vec-
tor b induces a variation in interlayer exchange coupling. In
Fig. 1(b), we plot interlayer exchange couplings for di�erent
stackings together with paths of b(x) for the three types of
stacking domain walls. To study the magnetic properties of
the domain walls, we focus on the long-wavelength continuum
limit and adopt the following micromagnetics energy

Emag =  
⌧…
↵,�,l

A
2 ()�m

↵
l )

2 *
…
l

K
2 (my

l )
2 *

…
↵

Jm↵
1m

↵
2

�
d2r,

(3)
where ↵, � are Cartesian indices, l is layer index and m is the
unit vector pointing in the direction of magnetization. The first
term and the second term in Emag is intralayer FM coupling
and magnetic anisotropy, where A ˘ 5.3 meV and K ˘ 0.032
meV/Å2 for monolayer CrI3. The last term describes the in-
terlayer exchange coupling, where J depends on x. The value
of J (x) í J (b(x)) is extracted from Fig. 1(b) and is plotted in
Fig. 1(d) for di�erent domain walls.

We start with the magnetic properties of the RR domain
wall. Rhombohedral stacking strongly favors interlayer FM
configuration. In the domain wall, the stacking vector passes
through an region favoring interlayer AFM configuration
[Fig. 1(b, d)]. However, this interlayer AFM tendency is pun-
ished by both intralayer FM coupling (◊ A) and the magnetic
anisotropy (◊ K). To quantitatively characterize the competi-
tion, we carry out simulations of the Landau-Lifshitz-Gilbert
equation with the damping term. Our simulation shows that
the weak interlayer AFM coupling within the domain wall does
not change the direction of the magnetization and the ground
state is simply described by a uniform, out-of-plane m.

The RM domain wall can be described 
by the sine-Gordon equation



Variation of interlayer exchange

There are two magnon branches (The Cr atoms form a 
honeycomb structure.). We are only looking at the low-energy 

long wave-length limit.



Spin configuration of RR DW

• Intralayer exchange prefers uniform spin configuration

• Easy-axis anisotropy also disfavors any spin rotation

• Inside the structural domain wall, interlayer exchange flips 
sign, which favors spin rotation  

Magnetic structure of RR domain wall is uniform FM in the out-
of-plane direction

R/R (FM/FM)



Spin dynamics of RR DW

• 𝛿𝑚+ is blind to interlayer 
exchange coupling J(x)

• J(x) acts like a trapping potential 
for 𝛿𝑚- 

𝛿𝑚- is a trapped magnon mode (~ 0.3 K = 0.09 meV)



Universal existence of DW magnons

• Beyond a critical point, the magnetic ground state 
deviates from interlayer FM

• The magnetic energy 
 
 
 
respects continuous rotational symmetry in the 
out-of-plane direction

• Goldstone magnon mode exists in the DW
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FIG. 2. (a) Bounded magnons in the RR (top) and MM (bottom) do-
main walls. For the bottom panel, solid (dashed) lines correspond to
kz = 0.0 (0.05) 1/Å. Insets: motions of the magnons. (b) Magnetic
ground state of MM domain wall. Top panel: magnetization; bottom
panel: azimuth angles of the top layer magnetization. Bottom panel
inset: spatial varying coordinates. Çer is along the direction of m; ( Çe✓ ,
Çe�) are defined as the unit vectors in the direction of increasing ✓
and �. (c) Schematic plots of confined magnons (top) and magnetic
ground states (bottom) for weak (red) and strong (blue) trapping po-
tentials J (x). The top panel is a Bloch sphere representing the di-
rection of magnetization. For weak trapping potential, the magnon is
a circular motion around the north pole (y = 1); for strong trapping
potential, the confined magnon is a Goldstone mode oscillating on
the latitude line (constant y). (d) Magnetic ground state of the RM
domain wall. Azimuth angles of the magnetization of the top layer
(�1) and bottom layer (�2) are plotted in the bottom panel.

The variation of interlayer exchange coupling, although not
manifested in the magnetic ground state, will enter the equa-
tion of motion of magnetization dynamics, )tml = *�mlùHl,
where the e�ective magnetic field is Hl = A(2

ml +Kmy Çy +
JmÑl ( Ñ1 = 2, Ñ2 = 1 and � is the gyromagnetic ratio). Since m is
a unit vector, the first order variation of magnetization is writ-
ten as �ml = �mx

l Çx + �mz
l Çz. The ground state respects mirror

symmetry in the y direction (My), so it is natural to decouple
the mirror eigenspaces by defining �m± = (�m1 ± �m2)_2.
With the notation �m+

± = �mx
± + i�mz

±, the dynamical equa-
tion can be transformed into two decoupled Schrödinger type
equations:

i�*1)t�m+
+ = [*A)2x +K + Ak2z]�m

+
+,

i�*1)t�m+
* = [*A)2x +K + 2J (x) + Ak2z]�m

+
*,

(4)

where we have assumed ml behaves like a plane wave in the
z direction with wave vector kz. We see that �m+ is blind to
the interlayer coupling. For �m*, since the variation of J (x)

serves as a trapping potential [Fig. 1(d)], despite the magne-
tization of the ground state is uniform across the RR domain
wall, 1D magnon solutions generally exist and are confined in
the domain wall. In Fig. 2(a) we present the profile of the 1D
magnon with the lowest energy. It is a circular motion isotropic
in the x*z plane and the magnon profile is independent of kz.
The frequency of this 1D magnon mode at kz = 0 is calculated
to be 0.3�K . Here �K is the bulk magnon frequency gap and
is experimentally measured [24] as Ì 0.3 meV, from which we
deduce the energy of the 1D magnon is Ì 0.09 meV. There-
fore, the low energy magnon transport should be dominated by
this 1D magnon channel.

To gain more insights into the existence of this 1D magnon,
we assume the width and depth of the trapping potential J (x)
can be artificially tuned. For a weak trapping potential, the
magnetic ground state is a uniform interlayer FM configura-
tion across the RR domain wall [Fig. 2(c)], which is the case
for CrI3. The degree of freedom �m* describes the deviation
from interlayer FM configuration and the frequency of the cor-
responding magnon is determined by the energy cost of such
deviation. Since in the domain wall the interlayer exchange
coupling J (x) becomes smaller, such energy cost is lower in
the domain wall. Therefore, a confined mode should exist in
the domain wall, which is manifested as a bound state due to
J (x) in Eq. (4). For increasingly stronger trapping potential,
there will be a critical point where the frequency of this 1D
magnon at kz = 0 becomes zero. Beyond this critical point,
the magnetic ground state deviates from the interlayer FM con-
figuration in the domain wall [Fig. 2(c)]. However, the 1D
magnon mode does not disappear. The magnetic energy de-
scribed by Eq. (3) is actually invariant under a global (indepen-
dent of x) rotation about the y axis. This continuous symmetry
immediately gives rise to a Goldstone magnon mode, which
costs no energy at kz = 0 and is still localized in the domain
wall [Fig. 2(c)]. It is worth noting that arbitrarily weak trap-
ping potentials can confine 1D magnons. However, if J (x) is
always positive, the frequency of the 1D magnon will be larger
than the bulk magnon gap �K .

Similar to the RR domain wall, the MM stacking domain
wall appears between two magnetically identical (AFM) do-
mains. However, since the AFM interlayer coupling in CrI3
is much weaker than the FM interlayer coupling, the magneti-
zation now tilts away from the y-axis in the MM stacking do-
main wall. We parameterize the magnetization of the top layer
m1(x) in spherical coordinates ✓ (polar angle) and � (azimuth
angle) and present the magnetic ground state in Fig. 2(b).
The Goldstone mode argument discussed above immediately
gives rise to a zero-energy 1D magnon mode trapped in the
MM domain wall. Nevertheless, it is instrumental to write
down the magnetic dynamical equations. We expand �ml as
�ml = �m✓

l Çe
✓
l + �m�

l Çe
�
l , where ( Çe✓l , Çe�l ) is the local unit vec-

tors associated with ml [Fig. 2(b)]. Instead of My, the ground
state now respects two fold rotation symmetry in the x direc-
tion (C2x). We decouple the eigenspaces of C2x by defining
� Ém✓(�)

± = (�m✓(�)
1 ± �m✓(�)

2 )_2. The dynamical equation for



MM and RM domain walls

• Both domain walls support Goldstone 
modes.

• Numerically verified by solving the LLG 
equation

Stacking
Vector

Spin
Config.



Magnon disperson

4

FIG. S4. The dispersion of the 1D magnon modes of the lowest
frequency for RR (a) and MM (b) domain walls. In both panels,
�K Ì 0.3 meV.

FIG. S5. (a) Excitation of 1D magnon in the RR domain wall with an
FM substrate. Note that the Rhombohedral stacking favors ferromag-
netic interlayer configuration. (b) Excitation of 1D magnon in the RR
domain wall with spin current.

IV. MAGNON DISPERSION OF RR AND MM DOMAIN
WALLS

Since our continuum model is translational invariant in the z
direction, the variation of magnetization unit vector �m prop-
agates as plane waves in the z direction, i.e., �m ◊ exp (ik

z
z).

The frequency (alternatively energy) of the 1D magnons as a
function of k

z
is plotted in Fig. S4.

For the RR domain wall, it is clear from Eq. (4) in the main
text that the dispersion is quadratic. For the MM domain wall,
Fig. S4(b) shows the magnon of the lowest frequency (belong-
ing to � Ém+) is linear for small k

z
.

V. EXCITATION OF THE 1D MAGNONS CONFINED IN
THE STACKING DOMAIN WALLS

For most spintronics applications, magnons need to be ex-
cited and detected. In the main text, we have mentioned that
some of the magnons (e.g., the 1D �m* magnon in RR domain
wall) do not carry net magnetic moments. These magnons
cannot be directly excited by a microwave magnetic field. In
this section, we discuss several possibilities to excite these
magnons:

• Thermal excitation. As we discussed in the main text,
the �m+ mode in the RR domain wall is not a�ected
by the stacking domain wall, and thus it has the same
energy as the bulk magnon (Ì0.3 meV). On the other
hand, the 1D magnon (the �m* mode) has an energy
Ì0.09 meV. Thus it is the first populated magnon mode
at finite temperature.

• Ferromagnetic proximity e�ect [cf. Fig. S5(a)]. One
can try to place part of the bilayer CrI3 on a ferromag-
netic substrate such that the magnetization of the bot-
tom layer is more di�cult to rotate. A microwave mag-
netic field can be used to excite a magnetic state that
has nonzero overlap with the �m* magnon mode. The
magnetic state can propagate to places where the ferro-
magnetic substrate is absent, which is described by our
theory.

• Spin convertance at magnetic interfaces [10] [cf.
Fig. S5(b)]. One can put a suitable metal on top of the
bilayer CrI3. With a spin current denoted as the blue
arrow in Fig. S5(b), magnons can be excited. Since
the excitation is through exchange coupling between the
electrons of the metal and the magnetic moments in the
top layer, the excited magnetic state will have nonzero
overlap with the �m* magnon mode.

Generally, besides the 1D magnons studied in this work,
the above approaches will also excite bulk magnons. How-
ever, since bulk magnons propagate in all directions, they de-
cay much more quickly than the 1D magnons. Therefore, the
1D magnons will be spontaneously separated from the bulk
magnons in the propagation.

Finally, we note that some 1D magnons (e.g., the � Ém+
magnon mode in the MM domain wall) carry net magnetic
moments and can be excited with a microwave magnetic field.
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Twisted bilayer CrI3

• At large twisting angle, a metastable domain (green dot) 
appear

• Lattice relaxation has a sudden onset as a function of 
twisting angle (~ 1 degree)
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FIG. S1. Lattice relaxation of twisted bilayer CrI3 with twist angle 0.5˝ and 2.0˝. The arrows represent the displacement u(d).

numerically by discretizing u in the unit cell P in a 18 ù 18
mesh and then solving the following di�erential equation

du
dt = *

�Erelax
�u

. (S3)

The equation above will converge to a stable state, which is
a solution to the Euler-Lagrangian equation. JULIA program-
ming language [7] and DIFFERENTIALEQUATIONS.JL pack-
age [8] have been utilized to solve the di�erential equation.

The results of the minimization for 0.5˝ and 2.0˝ is plotted
in Fig. S1. As expected, stackings with higher energies will
generally flow to stackings with lower energies. This flow is
more evident for small angles due to their weaker elastic en-
ergy cost [Eq. (S2) is proportional to ✓

2].
It is worth noting that besides the two stable stackings with

roughly the same energy, there is an additional local minimum
– the AA stacking – labelled by green dots in Fig. 1(a) in the
main text. The potential energy landscape is highly anisotropic
around the AA stacking. In the intermediate twist angles, there
will be an additional AA-like domain in the relaxed structure.
AA stacking bilayer CrI3 does not exist in nature, but as a local
energy minimum, we envision its presence in twisted bilayer
CrI3 will enrich its optical and transport properties.

In twisted bilayers, structural domain walls generally bear
shear strain density. To visualize the structural domain in the
real space, we plot in Fig. S2(a) the real space map of shear
strain density. All stacking domains are labelled with color
dots. AA-like domain can be clearly observed in the picture.

With decreasing twist angle, the energy reduction per unit
cell due to relaxation increases. This reduction of energy
has an upper bound: in the limit of zero twist angle, the
reduction of energy per unit cell approaches the interlayer
potential energy averaged with respect to di�erent stackingsî
P
dbV (b)_P  minus the energy per unit cell for rhombohe-

dral and monoclinic stackings. This limiting behavior is il-
lustrated in Fig. S2(b). Such a behavior makes it possible
for Ref. 9 to define a critical angle when domains are formed.
This angle in the current context is estimated to be 1.3˝ degree.
When domains are fully developed, the structure of the Moire

lattice are more flexible, in the sense that the energy cost of
local deformation is small and the domain walls receive some
freedom to move about. Correspondingly, we observe that the
relaxed u begin to depend sensitively on the initial configura-
tion at 1.1˝ in the minimization of the energy density.

III. MAGNETIC PROPERTIES OF MM DOMAIN WALL

We choose the coordinates such that the stacking domain
wall lies in the z direction at x Ì 0. y is the out-of-plane
direction. We assume the energy is described by the following
energy functional

E =  
…

↵,�,l

A

2 ()�m
↵

l
)2 *

…

l

K

2 (my

l
)2 *

…

↵

Jm
↵

1m
↵

2dx,

where A and K are independent of x; m
l

and J are dependent
of x; m has unit length. A is positive to suppress magnetization
fluctuation; K is positive such that m favors out-of-plane di-
rection. By variation, the e�ective magnetic field reads ( Ñ1 = 2

FIG. S2. (a) Shear strain in the real space for twist angle 2.0˝. Unit:
10*3. The color dots follow the convention in the main text. (b) The
log scale plot of energy reduction with respect to the twist angle. The
red dashed lines are used to estimate the angle at which the domains
are formed.

Shear strain at 2 degree



Moire Magnon network
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� Ém+ is

�*1)t Ém✓
+ = (A)2x * U� * Ak2z)� Ém

�
+ ,

�*1)t Ém
�
+ = (*A)2x + U✓ + Ak2z)� Ém

✓
+ ,

(5)

where U� = *K cos(2�) and U✓ = *A()x�)2 +K sin2(�) *
J [1* cos(2�)]. Every term in U� and U✓ is a trapping poten-
tial, which is a combined e�ect of varying magnetization and
varying J (x). These trapping potentials serve as an alternative
explanation for the 1D zero-energy Goldstone magnon mode
in the MM domain wall. The profile of the lowest-energy 1D
magnon of � Ém+ is shown in Fig. 2(a). For kz = 0, the magnon
is perfectly polarized: � Ém�

+ = 0, consistent with the Goldstone
mode oscillating around the y axis. This perfect polarization is
reduced by finite kz [Fig. 2(a)]. Equation (5) shows that even
when � = p_2 across the domain wall [e.g., for weaker vari-
ation of J (x)] and the Goldstone mode argument fails, MM
domain walls can still support 1D magnons due to the varia-
tion of J (x) alone.

For � Ém*, whether the variation of J and � serves as a trap-
ping potential depends on the specific parameters. Neverthe-
less, for bilayer CrI3, � Ém* also has a 1D magnon solution with
energy higher than the 1D magnon mode of � Ém+, but lower
than the bulk magnons [23].

Finally, we investigate the properties of the RM domain
wall, which is both a stacking and a magnetic domain wall.
The magnetic ground state is presented in Fig. 2(d): the mag-
netization of the top layer slightly tilts away from +y direction
in the domain wall while the magnetization of the bottom layer
still roughly maintains the Walker’s profile [25]. The Gold-
stone mode argument is also applicable to RM domain wall
and we have verified numerically such a 1D magnon exists.
Therefore, we conclude that all three types of stacking domain
walls in bilayer CrI3 support 1D magnon channels.

Equation (3) is oversimplified since it does not include all
symmetry-allowed magnetic interactions. Especially, weak
Dzyaloshinskii-Moriya interaction [26, 27] (DMI) is possible
in this system. With DMI, the magnons in Fig. 2(a) will be
generally reflection (x ô *x) asymmetric, which is another
degree of freedom to be utilized in device designing [18, 28].
Some of the 1D magnons (e.g., the 1D �m* magnon in RR
domain wall) do not carry net magnetic moments. For spin-
tronics applications, a source that di�erentiates the top layer
and the bottom layer (e.g. by proximity e�ects) is needed to
excite these magnons [23].

Moiré magnon network.—A natural realization of stacking
domain walls is by twisting the magnetic bilayer. Twisted bi-
layer materials create a moiré pattern, which is a periodic mod-
ulation of stackings. After being twisted, the structure will
generally relax to lower its energy. For large twist angle, lat-
tice relaxation can be ignored, and novel spin textures may
appear [19]. For small twist angles, the stable stackings will
grow and form domains, while unstable stackings will shrink
and eventually only appear around the domain walls.

To understand at which twist angles large domains of rhom-
bohedral and monoclinic stackings appear and to obtain a real

FIG. 3. (a) Sketch of the magnon network in twisted bilayer CrI3
with twist angle 0.1˝. Panel (b) zooms into the region marked by
the grey rectangle in panel (a) and shows the stacking and magnetic
domain patterns. Red (blue) arrows represent stacking vectors for
rhombohedral (monoclinic) stackings. Red (cyan) lines represent the
RR (MM) stacking domain walls.

space pattern of these domains, we calculate the lattice relax-
ations of the twisted bilayer CrI3 using the method introduced
in Ref. 29. We present the results of lattice relaxation for sev-
eral twisting angles in the Supplemental Material [23] and es-
timate large stacking domains emerge for twist angle smaller
than 1.3˝. Figure 3 shows the stacking and magnetic domain
patterns in the small angle limit. Since the AFM monoclinic
stacking is actually slightly energetically higher than the FM
rhombohedral stacking (by about 15 meV), the magnetic do-
main pattern consists of isolated AFM domains and intercon-
nected FM domains. These domains are useful by itself. For
example, using twisted bilayer CrI3 as the substrate, electrons
experience periodic exchange couplings in the real space and
accumulate Berry phase as they move along, which may be
useful to realize the topological Hall e�ect [30].

Figure 3 shows that in small angle twisted bilayer CrI3,
all three types of stacking domain walls appear. The inter-
connected stacking domain walls give rise to a magnon net-
work, which might be observed via inelastic tunneling spec-
troscopy [31]. A similar coherent conducting network, but for
electrons, can be found in twisted bilayer graphene with an
out-of-plane electric field [32–38]. Similarly, the 1D magnons
in twisted bilayer CrI3 will provide a platform for low-energy
coherent spin and thermal transport. Finally, we note that be-
yond the continuum limit, magnons in CrI3 monolayers are
predicted to be topological, such that the boundary between
FM and AFM regions will host chiral magnon states in the
Dirac gap [39, 40].

In summary, we propose stacking domain walls in vdW
magnets can support 1D magnon channels. These channels
can live on uniform magnetic ground states and are robust
against external perturbations. They can be realized in nat-
urally occurring stacking faults or through careful strain engi-
neering [7]. We show that a realistic and highly tunable play-
ground of such 1D magnons is twisted bilayer magnets with
small twist angles, where their implications in spin and ther-
mal transport phenomena are yet to be uncovered.
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Herrero, Héctor Ochoa and Wenguang Zhu. This work is sup-

• Moire magnon network at 0.1 degree. 

• There are trapped magnon modes on the FM/FM and AFM/
AFM domain walls
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In general, honeycomb lattice allows a 
2nd order DMI [Owerre, JAP 2016, Kim et al, 

PRL 2016, Cheng, Okamoto, DX PRL 2016], which 
realize a magnonic version of the 
Haldane model for honeycomb FM. 
The topological edge mode is about 
15 meV

4

� Ém+ is

�*1)t Ém✓
+ = (A)2x * U� * Ak2z)� Ém

�
+ ,

�*1)t Ém
�
+ = (*A)2x + U✓ + Ak2z)� Ém

✓
+ ,

(5)

where U� = *K cos(2�) and U✓ = *A()x�)2 +K sin2(�) *
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FIG. 3. (a) Sketch of the magnon network in twisted bilayer CrI3
with twist angle 0.1˝. Panel (b) zooms into the region marked by
the grey rectangle in panel (a) and shows the stacking and magnetic
domain patterns. Red (blue) arrows represent stacking vectors for
rhombohedral (monoclinic) stackings. Red (cyan) lines represent the
RR (MM) stacking domain walls.

space pattern of these domains, we calculate the lattice relax-
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troscopy [31]. A similar coherent conducting network, but for
electrons, can be found in twisted bilayer graphene with an
out-of-plane electric field [32–38]. Similarly, the 1D magnons
in twisted bilayer CrI3 will provide a platform for low-energy
coherent spin and thermal transport. Finally, we note that be-
yond the continuum limit, magnons in CrI3 monolayers are
predicted to be topological, such that the boundary between
FM and AFM regions will host chiral magnon states in the
Dirac gap [39, 40].

In summary, we propose stacking domain walls in vdW
magnets can support 1D magnon channels. These channels
can live on uniform magnetic ground states and are robust
against external perturbations. They can be realized in nat-
urally occurring stacking faults or through careful strain engi-
neering [7]. We show that a realistic and highly tunable play-
ground of such 1D magnons is twisted bilayer magnets with
small twist angles, where their implications in spin and ther-
mal transport phenomena are yet to be uncovered.
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We essentially deal with 1D solitons. 
What happens at the corners where 
the magnon modes merge? [Hejazi, Luo 
and Balents, PNAS 2020]



Summary

• All stacking domain walls of bilayer CrI3 support 1D 
trapped magnons. Since stacking domain walls are 
insensitive to external fields, these magnon modes can 
serve as robust 1D information channels.

• Small angle twist bilayer CrI3 hosts a 1D magnon network.

• Stacking domain walls are important in understanding 
magnetic properties of van der Waals magnets, and offer 
new way of stacking engineering of magnetic dynamics.
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