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Direct visualization of magnetic domains and moiré
magnetism in twisted 2D magnets
Tiancheng Song1†, Qi-Chao Sun2†, Eric Anderson1†, Chong Wang3, Jimin Qian4, Takashi Taniguchi5,
Kenji Watanabe6, Michael A. McGuire7, Rainer Stöhr2,8, Di Xiao3, Ting Cao4,
Jörg Wrachtrup2,9*, Xiaodong Xu1,4*

Moiré superlattices of twisted nonmagnetic two-dimensional (2D) materials are highly controllable
platforms for the engineering of exotic correlated and topological states. Here, we report emerging
magnetic textures in small-angle twisted 2D magnet chromium triiodide (CrI3). Using single-spin
quantum magnetometry, we directly visualized nanoscale magnetic domains and periodic patterns, a
signature of moiré magnetism, and measured domain size and magnetization. In twisted bilayer CrI3, we
observed the coexistence of antiferromagnetic (AFM) and ferromagnetic (FM) domains with disorder-like
spatial patterns. In twisted double-trilayer CrI3, AFM and FM domains with periodic patterns appear,
which is in good agreement with the calculated spatial magnetic structures that arise from the
local stacking-dependent interlayer exchange interactions in CrI3 moiré superlattices. Our results
highlight magnetic moiré superlattices as a platform for exploring nanomagnetism.

T
he periodic arrangement of atoms in
crystals determines their fundamental
properties. Modulating the periodicity
of a crystal will drastically modify its
quantum behavior and may even create

new states of matter. An emerging approach
along this direction is the creation of moiré
superlattices by vertically stacking two layers
of van der Waals (vdW) crystals with a small
twist angle or a lattice mismatch. This ap-
proach has enabled the tailoring of electronic
properties of semimetal graphene and semi-
conducting transition metal dichalcogenides
(TMDs), resulting in a series of discoveries of
correlated and topological phenomena (1–3).
However, moiré superlattices with intrinsic
magnetic order remain challenging to real-
ize experimentally.
The field of two-dimensional (2D) magnets

has been growing rapidly over the past few
years, and numerous magnets exhibiting dif-
ferent types of magnetic order have been dis-
covered (4–10). There are several challenges in

investigating magnetic moiré superlattices.
Most known 2Dmagnets are very air sensitive,
which makes fabrication of moiré superlattice
samples technically challenging. The stacking-
dependent interlayermagnetic coupling,which
is responsible for the moiré effects in vdW
magnets, is typically weaker than the mag-
netic anisotropy and intralayer magnetic ex-
change interactions, which determine the
energy cost of magnetic domain walls. There-
fore, the magnetic moiré pattern should exist
in small twist-angle samples in which the mag-
netic domain size is large enough so that the
energy gain by forming magnetic domains sur-
pass the energy cost of magnetic domain walls.
Because a small twist angle tends to result in
lattice reconstruction, the periodic pattern
may be substantially disordered, and thus the
spatial magnetic structure can be very compli-
cated. Unlike graphene and TMD superlattices,
in which the moiré effects on the electronic
properties can be probed with transport and
far-field optics, moiré effects inmagnetsmain-
ly manifest in spatially varying magnetic tex-
tures (11–13). Thus, a scanning probe tool with
high spatial resolution, sufficientmagnetic sen-
sitivity, and low back action of the probe on the
sample is needed to investigate spatial mag-
netic structures in twisted 2D magnets.
We used single-spin quantum magnetome-

try to investigate twisted 2Dmagnet chromium
triiodide (CrI3). Recently, scanning magne-
tometry based on a single electron spin of a
nitrogen-vacancy (NV) center in diamond has
shown a high spatial resolution of ~50 nm in
probing 2D magnets and provides quantita-
tive magnetization information (14–16). In ex-
ploring moiré magnetism, CrI3 was selected
owing to its stacking-dependent interlayer

magnetism, as predicted and demonstrated
recently (17–22). In bilayer CrI3, changing the
layer stacking from monoclinic to rhombohe-
dral can switch the sign of interlayer exchange
coupling, and thus the magnetic ground state,
from antiferromagnetic (AFM) to ferromag-
netic (FM), respectively. Furthermore, in a
twisted bilayer CrI3, both monoclinic and
rhombohedral stacking regions can emerge
(Fig. 1A, blue and red shaded regions), which
should lead to the coexistence of AFM and FM
domains at the small twist-angle limit (Fig.
1B). Limited by the spatial resolution (~50 nm)
of NV center magnetometry, the targeted twist
angle of our samples was smaller than ~0.5°.
This corresponds to a moiré wavelength above
~80 nm, which is large enough for resolving
magnetic structures within and across moiré
unit cells.
We began our investigation with a ~0.2°

twisted bilayer CrI3 sample (D1) fabricated by
using the “tear and stack” technique (23, 24).
Polar reflective magnetic circular dichroism
(RMCD) maps at three selected magnetic fields
are shown in Fig. 1C, sweeping from 1 T to
–0.3 T, which identify monolayer and twisted
bilayer areas. Magneto-optical techniques, such
as polar RMCD and magneto-optical Kerr ef-
fect (MOKE), are sensitive probes of the out-of-
plane magnetization (4, 25). All magneto-optical
measurements are performed at a temper-
ature of 2 K with out-of-plane magnetic field
unless otherwise specified (23). The magnetic
field–dependent RMCD signal of the twisted
bilayer is compared in Fig. 1Dwith the signals
of the nearby monolayer and of a pristine bi-
layer measured under the same experimental
conditions. The monolayer CrI3 exhibits a sin-
gle hysteresis loop centered at zero field and
sharp spin-flip transitions at ±0.28 T, showing
the high quality of the constituent FM mono-
layers in the twisted bilayer sample. Pristine
bilayer CrI3 with monoclinic stacking behaves
as an A-type layered antiferromagnet, showing
a vanishing MOKE signal at zero field and
spin-flip transitions at around ±0.85 T.
By contrast, the RMCD signal from the

twisted bilayer appears to be a mixture of the
monolayer and bilayer behaviors. There is a
nonzero remanent RMCD signal with a hys-
teresis loop as a FMmonolayer. The spin-flip
transition at ±0.85 T is the same as a layered-
AFMbilayer. TheRMCDmapat –0.3 T in Fig. 1C
shows this hysteretic mixing effect. The mag-
netization has already flipped in the mono-
layer but not yet in the twisted bilayer region,
which is consistent with different coercive fields
(~0.28 and ~0.85 T, respectively) for the two
regions. The difference of the RMCD maps at
1 and 0 T can further identify the twisted bi-
layer region (Fig. 1C, bottom). These observa-
tions imply coexisting AFM and FM domains,
likely from the coexistence of monoclinic
and rhombohedral layer stacking in twisted
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bilayer CrI3. In addition, the zero-field RMCD
signal of the twisted bilayer is about half of
the saturated RMCD signal above 1 T and
equivalent to the nearby monolayer signal,
which implies a close-to-equal partition be-
tween AFM and FMdomains. However, owing
to the spatial resolution of optical measure-
ments, only homogeneous RMCDmaps were
observed in the twisted bilayer region. This
suggests that themagnetic domain size ismuch
smaller than the laser spot size of ~1 mm.
To access the real-space magnetic textures,

we used scanning single NV center spin in a
diamond tip (hereafter referred to as magne-
tometry) with a spatial resolution of ~50 nm
to visualize the magnetic domains with quan-
titative information on the domain magne-
tization (Fig. 2A) (14, 15). All magnetometry
measurements were performed at ~4 K un-
less otherwise specified (23). The RMCD map
of the twisted bilayer is shown in Fig. 2B as a
reference, with the magnetometry measure-
ment area bounded by the box. By measuring

the Zeeman splitting of the NV center spin’s
energy levels bymeans of optically detectedmag-
netic resonance, the straymagnetic field emanat-
ing from the sample was read out (Fig. 2C). By
use of the reverse-propagation protocol, the cor-
responding out-of-plane magnetization map was
reconstructed accordingly (Fig. 2D) (23). (the
atomic forcemicroscope imagesmeasured in situ
by using the diamond tip are available in fig. S6).
By contrast to the nearly uniform RMCD

map, the magnetometry measurement reveals
several fine features. Indicated with the dashed
box in Fig. 2B, the twisted bilayer region has
a small crack in one of the two monolayers,
which is only revealed as a blurred wedge in
the RMCDmap. In comparison, the straymag-
netic field map (Fig. 2C) shows clear imaging
of the monolayer region in the crack, which
displays an expected uniform magnetization
of ~15 Bohr magneton (mB)/nm

2 in the mag-
netization map (Fig. 2D) (14). In the twisted
bilayer region, domains with high and low
stray magnetic fields and magnetization do-

mains were clearly resolved. We could quan-
tify the domains withmagnetizations of about
30 and 0 mB/nm

2, which unambiguously es-
tablished the coexistence of FM and AFM
domains in twisted bilayer CrI3.
The emergence of the FM and AFM mag-

netic domains should originate from the spatial
variation of local stacking-dependent interlayer
coupling. Shown in Fig. 2, E and F, are mag-
netization maps at ±0.21 T, which is larger
than the coercive fields of monolayer at 4 K.
They clearly show that the magnetization in
the monolayer region flips, but no change was
observed for most of the magnetic domains in
the twisted bilayer. The magnetic domain pat-
tern remains the same after multiple thermal
and field cycles (fig. S7). These results further
support that the magnetic domain pattern orig-
inates from the local layer-stacking arrange-
ment, which is fixed once the twisted bilayer
is fabricated. The magnetic domain pattern
appears disordered, which is consistent across
different regions in the same sample and for
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Fig. 1. Layer stacking–dependent magnetism and magneto-optical mea-
surements in twisted bilayer CrI3. (A) Schematic of CrI3 bilayer with a small
twist angle, showing local monoclinic (blue) and rhombohedral (red) stacking.
Only Cr atoms appear in the schematic for clarity. Cr atoms in the top and
bottom layers are labeled in green and purple, respectively. (B) Monoclinic
stacking and rhombohedral stacking are associated with the interlayer AFM and
FM magnetic states, respectively. (C) RMCD maps of the twisted bilayer CrI3

sample (D1) measured as magnetic field is swept from 1 T, to 0 T, and to –0.3 T.
The two monolayer CrI3 flakes are outlined in green and purple. (Bottom) The
difference of the RMCD maps at 1 and 0 T, identifying the twisted bilayer region.
(D) RMCD and MOKE signals as a function of magnetic field (m0H) for the
monolayer, the twisted bilayer, and a pristine bilayer CrI3. The green and orange
curves correspond to decreasing and increasing magnetic field, respectively.
(Insets) The corresponding magnetic states.
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different samples with similar twist angles
(figs. S8 and S9).
The lack of a periodic FM-AFM pattern re-

flects local structural distortion, which could
be the result of several factors. The local strain
and distortion induced during the fabrication
process can disrupt the periodicity of moiré
superlattices; this has been observed in trans-
mission electronmicroscopy images of twisted
CrI3 (26, 27). Compared with twisted hetero-
bilayer, moiré superlattices of twisted homo-
bilayer are more sensitive to local twist-angle
variation, leading to more disorder in the pe-
riodicity, as has been observed in twisted bi-
layer graphene (28). Furthermore, because we
focused on a near-zero twist angle, the area
of the moiré unit cell is two orders of magni-
tude larger than those of magic-angle twisted
bilayer graphene and TMDmoiré systems and
is thus subjected to stronger lattice distortion.
CrI3 is also more fragile and much softer than
graphene and TMDs, which can lead to even
stronger lattice distortion (29). Lattice recon-
struction of moiré superlattices is theoretically
predicted in twistedCrI3 for twist angles smaller
than 1.3°, atwhich stacking domains can emerge

with stacking domain walls (13, 30–32). Addi-
tionally, the correspondence between layer stack-
ing and magnetic ground states is nontrivial.
Because the interlayer exchange interactions
strongly depend on the interlayer atomic regis-
try, themagnetic ground state is highly sensitive
to local disorder and is influenced by the com-
petition between adjacent stacking domains (19).
Becausemultilayers are stiffer thanmonolayers,

we next investigated twisted double-multilayer
CrI3 samples—stacking onemultilayer on top of
another with a small twist angle, with the ex-
pectation of reduced lattice reconstruction ef-
fects. For the twisted double-bilayer case, the
natural interface within the individual bilayer
retains AFM coupling, leading to negligible
net magnetization in twisted double-bilayer
regardless of the stacking arrangement. The
twisted double-trilayer case, however, would
have nonvanishingmagnetization at zero field
owing to the one layer of uncompensated mag-
netization for each individual trilayer. The
magneto-optical signal of a small-angle twisted
double trilayer is compared in Fig. 3A with a
nearby single trilayer and a pristine six-layer
sample. The twisteddouble-trilayer (D2) shows

a nonzero remanent MOKE signal with a hys-
teresis loop, behaving as a trilayer, and inter-
mediate transitions at around ±0.75 T, like a
six-layer. Therefore, the twisted double trilayer
exhibits a mixture of the trilayer and six-layer
properties. Thesemagnetic behaviors also resem-
ble the twisted bilayer case, which arises from
a similar coexistence of AFM and FM domains.
The stray magnetic field and reconstructed

magnetization maps measured from the dou-
ble trilayer (D2) with a small twist angle (~0.3°)
are shown in Fig. 3, B and C, respectively. The
maps confirm the coexistence of AFM and FM
domains. Distinct from the disorder-like AFM-
FM patterns in twisted bilayer, the mesh pat-
terns in AFM and FM domains seem to have
a characteristic length scale of ~150 nm. Be-
cause the natural interfaces within the two
trilayers retain AFM coupling—either the
↑↓↑ or ↓↑↓ state—the AFM and FM coupled
domains should have ↑↓↑↓↑↓ and ↑↓↑↑↓↑ spin
arrangements, respectively. Here, arrows indi-
cate the out-of-plane magnetization in indi-
vidual layers. Therefore, the net magnetization
of the FM coupled trilayer should have two
layers of uncompensated magnetization. This
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Fig. 2. Scanning NVmagnetometry measurements of twisted bilayer CrI3.
(A) Schematic of atomic force microscopy with a diamond tip, where the single NV
center spin (red arrow) in the tip measures the stray magnetic field emanating from the
sample. (B) RMCD map of the twisted bilayer region measured at –0.3 T. (C) Stray
magnetic field map of the dashed box region in (B) with a small crack, measured at
0.21 T. (D) Magnetization map at 0.21 T reconstructed from the stray magnetic field

map in (C) by using the reverse-propagation protocol (23). Nanoscale AFM and FM
domains are clearly resolved. The magnetization of monolayer CrI3 is about ±15 mB/nm

2.
The schematics of the inferred AFM-FM magnetic states of twisted bilayer are
shown along the color bar. (E and F) Magnetization maps of another area measured at
±0.21 T. The monolayer region undergoes a spin-flip transition, whereas the magnetic
domains in the twisted bilayer region remain largely the same between the two maps.
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analysis is consistent with the measured mag-
netization in these domains, ranging from
about 0 to 30 mB/nm

2 (Fig. 3C).
We have performed magnetometry measure-

ments on multiple areas. In general, a clear
global periodicity in the magnetization map is
still obscured by disorder. However, closer in-
spection of the magnetization maps unveils
several micrometer-sized and visibly periodic
regions (the fast Fourier transform of themag-
netization map is provided in fig. S10, and ad-
ditional magnetization maps are available in
fig. S11). The magnetization map is illustrated
in Fig. 4A with a periodic pattern that appears
to be hexagonal. For comparison, we inves-
tigated a double-trilayer sample with a large
twist angle of ~1.2°, which showed uniform
magnetization with dominant FM interlayer
coupling between the two trilayers (fig. S12).
In addition, the atomic force microscope im-
ages of all of these samples measured in situ
by using the diamond tip (fig. S6) show rel-
atively smooth surfaces. Therefore, the mag-
netization patterns are unlikely to originate
from large-scale segregation caused by trapped

hydrocarbons or oxidization between the two
CrI3 layers.
To quantitatively capture the underlying

periodicity and symmetry, we calculated the
autocorrelation function of the spatially de-
pendentmagnetization. Such an approach has
been used to reveal periodicmagnetic structures
obscuredby disorder, such as hexagonalmagnetic
domains with random orientations and densely
packed vortices in superconductors (33, 34).
The autocorrelation function is defined as

AC dx; dyð Þ ¼
X

x;y
M x þ dx; y þ dyð ÞM x; yð Þ

whereM(x, y) is the magnetization map (23).
Therefore, AC(dx, dy) gives the degree of sim-
ilarity between themap shifted by (dx, dy) and
the original map. It captures the underlying
periodic features of a lattice, whereas random
features without spatial correlation are aver-
aged out. The normalized autocorrelation of
the magnetization map is shown in Fig. 4B,
revealing a slightly disordered hexagonal
lattice with a lattice constant of ~150 nm and
an inferred twist angle of ~0.25°.

The stacking and magnetic structures of
small-angle twisted CrI3 can be calculated,
taking into account lattice relaxation (23).
The calculation for a twisted double-trilayer
with a 0.25° twist angle exhibits periodic AFM
and FM domains that originate from local
monoclinic and rhombohedral stacking do-
mains with out-of-plane magnetization. Possi-
ble in-plane magnetization and noncollinear
magnetic states can exist in magnetic domain
walls with a narrow width (calculated to be
less than 5 nm), which can be neglected com-
pared with the domain size. To carry out a di-
rect comparison, we first simulated the stray
magnetic field emanating from the predicted
magnetic structures on the basis of the dis-
tance between the sample and NV center de-
termined in the experiment. The magnetization
mapwas then reconstructed from the simulated
stray magnetic field and showed a hexagonal
lattice, which is consistent with our experi-
mental observations (Fig. 4C). However, be-
cause the measurement spatial resolution is
on the order of ~50 nm, sharp features such as
the predicted triangular AFM domains and
stacking domain walls become blurred in the
magnetization map, which prevented us from
gaining further information on these features.
The magnetic structure within a moiré unit

cell can be extracted from the magnetization
map. As shown in Fig. 4D, the autocorrelation,
which captures the periodicity and symme-
try, was used to identify the moiré superlat-
tice (23). We averaged the magnetization over
the eight extracted moiré unit cells and ob-
tained the magnetic structure within a moiré
unit cell. We observed weak magnetization
in the central region of the moiré unit cell, sur-
rounded by higher magnetization, in qualitative
agreementwith thepredictedmagnetic structures
and simulation results (Fig. 4D, right) (13).
We combined magneto-optical measure-

ments and single-spin quantummagnetometry
to demonstrate the creation of the coexisting
AFM and FM domains in twisted bilayer CrI3,
and show signatures of moiré magnetism in
twisted double-trilayer CrI3. Future studies
with improved spatial resolution will reveal
details of the magnetic domain pattern, as
well as the interplay between lattice recon-
struction and the moiré pattern or domain
walls. Improved fabrication of NV centers in
diamond tips might enhance the spatial res-
olution of magnetometry to around 20 nm. A
combination with structure analysis would
unravel the interplay between lattice recon-
struction and magnetization patterns. To fur-
ther improve spatial resolution, techniques
such as spin-polarized scanning tunneling
microscopy and scanning tunneling spec-
troscopy can be used, after resolving sample
fabrication challenges. Such improvements in
spatial resolution would enable the investiga-
tion of predictedmagnetic phenomena inmoiré
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Fig. 3. Magneto-optical and scanning NV magnetometry measurements of twisted double-trilayer
CrI3. (A) RMCD and MOKE signals as a function of magnetic field for the trilayer, the twisted double
trilayer, and a pristine six-layer CrI3. (Middle inset) The optical microscope image of the twisted double-trilayer
CrI3 sample (D2). (Insets) The corresponding magnetic states. (B) Stray magnetic field map of the twisted
double-trilayer region measured at –0.21 T. (C) Magnetization map at –0.21 T reconstructed from the stray
magnetic field map in (B), showing clear AFM and FM domain structures (23).

RESEARCH | REPORT
D

ow
nloaded from

 https://w
w

w
.science.org at U

niversitaet Stuttgart on February 23, 2024



magnets, such asmoiré skyrmions, noncollinear
magnetic states, and one-dimensional magnon
channels (11–13, 35).
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Fig. 4. Moiré magnetic structures of twisted double-trilayer CrI3. (A) Magnetization map revealing a signature
of periodicity in hexagonal meshes measured at –0.21 T. (B) Normalized autocorrelation map of the magnetization in
(A), capturing the periodic hexagonal lattice. The local maxima of the autocorrelation are indicated with black
dots. (C) Simulation of the reconstructed magnetization map based on the predicted magnetic structures (23).
(Insets) The corresponding magnetic states. (D) (Left) Array of moiré unit cells enclosed by dashed lines. The red
dots sit at the same positions as the black dots in the 2D autocorrelation map in (B). (Right) Magnetization structure
within a moiré unit cell extracted from the simulation (top) and experimental results (bottom).
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