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Moiré engineering1–3 of van der Waals magnetic materials4–9 
can yield new magnetic ground states via competing inter-
actions in moiré superlattices10–13. Theory predicts a suite 
of interesting phenomena, including multiflavour magnetic 
states10, non-collinear magnetic states10–13, moiré magnon 
bands and magnon networks14 in twisted bilayer magnetic 
crystals, but so far such non-trivial magnetic ground states 
have not emerged experimentally. Here, by utilizing the 
stacking-dependent interlayer exchange interactions in 
two-dimensional magnetic materials15–18, we demonstrate a 
coexisting ferromagnetic (FM) and antiferromagnetic (AF) 
ground state in small-twist-angle CrI3 bilayers. The FM–AF 
state transitions to a collinear FM ground state above a criti-
cal twist angle of about 3°. The coexisting FM and AF domains 
result from a competition between the interlayer AF coupling, 
which emerges in the monoclinic stacking regions of the moiré 
superlattice, and the energy cost for forming FM–AF domain 
walls. Our observations are consistent with the emergence 
of a non-collinear magnetic ground state with FM and AF 
domains on the moiré length scale10–13. We further employ the 
doping dependence of the interlayer AF interaction to con-
trol the FM–AF state by electrically gating a bilayer sample. 
These experiments highlight the potential to create complex 
magnetic ground states in twisted bilayer magnetic crystals, 
and may find application in future gate-voltage-controllable 
high-density magnetic memory storage.

There is a one-to-one correspondence between the stacking 
structure and the magnetic ground state in CrI3 bilayers (Fig. 1b): 
the monoclinic (M) phase supports an A-type antiferromagnetic 
(AF) ground state with two AF-coupled ferromagnetic (FM) mono-
layers; and the rhombohedral (R) phase supports an FM ground 
state15,16,19,20. The magnetic easy axis is out-of-plane. There are both 
M and R regions in the triangular moiré superlattice of a twisted 
bilayer (Fig. 1a). The competing interlayer AF and FM interactions 
on the moiré length scale can induce non-trivial magnetic ground 
states with coexisting AF and FM domains (Fig. 1b)10–14. These 
states are expected to emerge when the energy gain from forming 
AF domains in the M regions exceeds the energy cost from forming 
domain walls. Since the energy gain scales with the area of the moiré 
unit cell, whereas the energy cost scales with the moiré period, such 
a coexisting FM–AF state is favoured below a critical twist angle10. 
This ideal picture could be modified in samples with very small 

twist angles, for instance, by lattice reconstruction21 that favours the 
most stable structure, the (FM) R phase15,16,19.

We fabricate twisted CrI3 bilayers by the tear-and-stack method 
(Methods and Extended Data Fig. 1), which has been widely used 
to make twisted bilayer graphene samples22–24. A series of samples 
with varying target twist angle θ has been studied. The twist-angle 
accuracy is ±0.5° on average. All samples are encapsulated between 
hexagonal boron nitride (hBN) substrates to prevent environmen-
tal degradation. The moiré structure of a small number of samples 
was verified by standard four-dimensional (4D) scanning transmis-
sion electron microscopy (STEM). Very thin hBN encapsulation 
layers (<5 nm) and substrates (8-nm-thick amorphous SiO2) were 
required to obtain TEM images (Extended Data Fig. 3). We have 
also fabricated a number of dual-gated field-effect devices to con-
tinuously tune the interlayer AF interaction by varying the doping 
level in CrI3 (refs. 25,26).

Figure 1c shows the electron diffraction pattern of sample 
1 with θ = 1.5°. Diffraction peaks from both hBN and CrI3 are 
observed. Figure 1d–f shows dark-field images obtained by select-
ing one of the third-order diffraction peaks of the CrI3 bilayer 
(circled in Fig. 1c). A clear moiré stripe pattern with a periodicity 
of one-third of the moiré period aM/3 = 6.1 ± 0.9 nm is seen. Each 
image is related to the other by a 60° rotation. The real-space moiré 
pattern can be constructed by superimposing the three images 
(Extended Data Figure 3). Using the measured aM, we determine 
θ = 2 sin−1

(

a
2aM

)

≈ 2.2◦ ± 0.3◦ (a = 0.687 nm is the in-plane lat-
tice constant of CrI3). (Here the error for θ of sample 1 is propagated 
from that for aM.) The dark-field images in a larger field-of-view and 
for another sample are shown in Extended Data Figs. 4 and 5. These 
results verify the formation of moiré structures in twisted bilayer 
CrI3 and the expected twist-angle accuracy.

We probe the magnetic ground state by magnetic circular dichro-
ism (MCD) measurements. The MCD is linearly proportional to 
the out-of-plane magnetization. However, a direct comparison of  
the absolute MCD for different samples is not appropriate because 
of the different local field factors from different substrate thick-
nesses. Unless otherwise specified, all measurements were per-
formed at 4 K.

Figure 2a–d shows the MCD as a function of out-of-plane mag-
netic field B for four bilayer samples. (Extended Data Figs. 3, 4, 7 
and 8 show results from additional samples and correlated STEM 
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Fig. 1 | Moiré superlattice structure of twisted bilayer CrI3. a, Moiré superlattice structure of a small-twist-angle CrI3 bilayer. R, M and AA denote 
rhombohedral, monoclinic and AA stacking, respectively. b, Schematic illustration of a magnetic domain wall formed between the R- and M-stacking 
regions. Balls and arrows denote the spins of magnetic ions. Blue and orange denote two adjacent CrI3 monolayers. c, Electron-beam diffraction pattern 
from a small-twist-angle CrI3 bilayer, down the <001> zone axis (perpendicular to the sample surface). The two arrows indicate the diffraction spots (six 
pairs in total) from the top and bottom hBN capping layers. The large dashed circle tracks the <300> diffraction peaks for CrI3. d–f, Real-space dark-field 
moiré fringe patterns: the peaks in c circled in green, blue and red are the dark-field masks for the patterns in d–f, respectively.
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Fig. 2 | MCD microscopy of twisted bilayer CrI3. a–d, Magnetic-field dependence of MCD of a natural bilayer CrI3 (a) and twisted bilayer CrI3 with twist 
angle 1.2° (b), 4° (c) and 15° (d). The MCD of an isolated monolayer CrI3 is shown in b for comparison (red). Coexistence of AF and FM contributions 
is evident at small twist angles. e, Image of MCD(1T) − MCD(0T) for the 1.2° sample, illustrating the AF fraction of the sample. Non-zero contrast is 
observed only in the twisted bilayer region. f–h, MCD images at B = 0 T for the 1.2° (f), 4° (g) and 15° (h) samples (samples are polarized at 1 T prior to the 
MCD measurement), showing the FM fraction of the samples. In all images the dashed black and red lines outline the constituent monolayer regions. The 
coloured dots denote the locations of the MCD measurements of the same colour in b–d. The upper part of the designed twisted bilayer in e and f contains 
patches of only one monolayer (red dashed line) because parts of the second monolayer (black dashed line) broke off in the fabrication process, giving rise 
to a reduced MCD contrast in e.

Nature Nanotechnology | www.nature.com/naturenanotechnology

http://www.nature.com/naturenanotechnology


LettersNATurE NAnOTECHnOlOgy

and MCD studies.) A natural bilayer with M stacking (Fig. 2a) is 
included as a reference. Its MCD is negligible until the field reaches 
the critical value Bc ≈ 0.6 T for the spin-flip transition; the behav-
iour is fully consistent with the reported A-type AF state5,27. Also 
included is the MCD from an isolated monolayer (Fig. 2b, red line); 
it shows the expected FM loop. The magnetic response is different 
in the 1.2° twist sample (Fig. 2b). Both AF and FM behaviours are 
present. In addition to the spin-flip transition near Bc ≈ 0.5–0.6 T, 
a FM loop centred at zero field emerges and is continuously con-
nected to the spin-flip transition. The behaviour is distinct from 
a simple superposition of an independent FM and AF response; 
it is in good agreement with the theoretical magnetic response of 
twisted bilayer CrI3 with moiré magnetic textures13. Our result is 
therefore inconsistent with large-scale uncorrelated AF and FM 
domains (Methods).

As θ increases, the AF contribution quickly diminishes: a very 
small AF contribution remains in the 4° twist sample; the response is 
purely FM in the 15° twist sample. We denote the fraction of the FM 
and AF domains in the sample by fFM ≈

MCD(0T)
MCD(1T) and fAF ≈ 1 − fFM, 

respectively. (We have ignored the domain walls; they are estimated 
in Methods to be narrow compared to the moiré period at low 
temperatures.) The θ dependence of fFM is summarized in Fig. 3. 
The AF–FM coexistence disappears at a critical angle θc ≈ 3°, above 
which only FM response is observed. Below θc, it is found that fFM, Bc 
and the FM coercive field are all weakly angle dependent.

We characterize the magnetic spatial homogeneity by MCD 
imaging. Figure 2e,f shows MCD(1T) − MCD(0T) and MCD(0T), 
respectively, which represent the AF and FM contributions in the 
1.2° twist sample (the boundary of each CrI3 monolayer is roughly 
marked by dashed curves). We observe fAF ≈ 0 in the isolated mono-
layer regions as expected, and a finite fAF in most twisted bilayer 
regions. The FM contribution in the bilayer regions is comparable 
to that of the isolated monolayers. The result shows homogeneous  
AF–FM coexistence. On the other hand, the AF contribution is 
absent over the entire sample for θ > θc (Extended Data Fig. 8), 
and the FM signal is nearly double that of the isolated monolayer 
regions (Fig. 2g for θ = 4°; Fig. 2h for θ = 15°).

We further examine the temperature dependence of the mag-
netic response of the 1.2° twist sample. Figure 4a is a contour of the 
MCD versus temperature and field scanned from −1.5 T to 1.5 T.  
Figure 4b shows the field dependence of the MCD at varying temper-
atures. The fractions fFM and fAF are nearly temperature independent 
for the entire temperature range. Upon cooling, the coercive field 
of the FM contribution increases monotonically (Fig. 4c). This is 
consistent with the behaviour of monolayer CrI3. The spin-flip tran-
sition field Bc first increases and then decreases slightly as tempera-
ture decreases (Fig. 4c). This deviates from the monotonic increase 
of Bc upon cooling in natural bilayer CrI3 (Extended Data Fig. 9). 
For samples with θ > θc we measure the temperature-dependent 
magnetic a.c. susceptibility, which shows a single diverging peak, 
indicating a fully coupled bilayer and a Curie temperature substan-
tially higher than the monolayers (Extended Data Fig. 6).

The distinct behaviour of twisted bilayers and FM monolayers, 
including the presence of AF contributions for θ < θc and higher 
Curie temperatures for θ > θc, is a manifestation of the interlayer 
magnetic interactions in twisted bilayers. The observed nearly con-
stant coercive field does not contradict this conclusion because the 
coercive field is mainly determined by the magnetic anisotropy and 
sample temperature. The observed AF–FM coexistence and the 
distinct magnetic response in small-twist-angle CrI3 bilayers indi-
cate the formation of small-scale, interacting AF and FM domains. 
Furthermore, the systematic twist-angle dependence in Fig. 3 and 
the consistent behaviour observed in multiple samples suggest that 
external origins such as strain and other disorders are unlikely.

Our results are consistent with the proposed non-collinear 
magnetic ground state driven by competing magnetic interactions 
in a moiré superlattice10. The moiré superlattice of twisted CrI3 
bilayers contains spatially modulated M and R stacking structures  
(Fig. 1a), which support AF and FM interlayer exchange, respec-
tively. Because the interlayer FM exchange in the R phase is sub-
stantially stronger than the interlayer AF exchange in the M phase19, 
we only need to consider the competition between the forma-
tion of AF domains and AF–FM domain walls. The energy gain 
per moiré unit cell from forming AF domains in the M regions, 
∼2fAF

( aM
a
)2 J⊥, scales with a2M. The energy cost per moiré unit cell 

from forming AF–FM domain walls near the M–R stacking bound-
aries, ∼π

( aM
a
)√

J∥(K+ 2J⊥), scales with aM (Methods). Here 
J⊥ ≈ 0.1 meV and J∥ ≈ 2 meV are the interlayer AF5,27 and the intra-
layer FM28 exchange constants, respectively, and K ≈ 0.3 meV is the 
single-ion magnetic anisotropy energy29. The different scaling of the 
two energy terms with aM guarantees that at small twist angles the 
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Fig. 3 | Twist-angle dependence. a, The FM and AF fractions, fFM (left axis) 
and fAF (right axis), as a function of target twist angle θ for all measured 
samples. The vertical error bars are estimated from measurements at 
different sample locations and indicate the spatial inhomogeneity. The 
twist-angle uncertainty is estimated to be about 0.5° (not shown); it is 
characterized for two samples (red circle) by STEM. At small twist angles 
(θ ≲ 3°), fFM < 1 indicates a mixed AF–FM ground state; a pure FM ground 
state is observed at θ ≳ 4°. b, Twist-angle dependence of the spin-flip 
transition field Bc. The vertical error bars are estimated from the field span 
of the spin-flip transition.
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energy gain from forming AF domains wins and a magnetic ground 
state with spatially modulated AF and FM regions emerges (Fig. 1b). 
The critical twist angle θc ∼

fAFJ⊥√
J∥(K+2J⊥)

≈ 3◦ can be estimated by 
equating the two energy terms. The value is consistent with a recent 
numerical study30.

Above θc, a collinear FM ground state is preferred. The tran-
sition from a coexisting FM–AF state to a collinear FM state 
can be continuous (for small K/J⊥) or abrupt (for large K/J⊥)10. 
In the continuous-phase-transition scenario, an intermediate 
non-collinear state with spins flop from the out-of-plane to the 
in-plane direction is also expected. In CrI3 with large magnetic 
anisotropy (K/J⊥ ≈ 3), the intermediate state has a high energy 
cost and an abrupt transition is favoured. This is consistent with 
experiment, in which spin-flip transitions are observed in all 
small-twist-angle bilayers. Because of the large magnetic anisotropy, 
the domain wall width is small compared to aM (Methods) so that Bc 
is weakly angle dependent for θ < θc (Fig. 3).

The non-monotonic temperature dependence of Bc is also a man-
ifestation of the competing magnetic interactions. In natural bilayer 

CrI3 with M stacking, the spin-flip transition occurs at Bc ≈
2J⊥
3μB  

(ref. 27), at which the Zeeman energy gain of the FM state (3μBB) 
overcomes the interlayer AF exchange energy cost (2J⊥). Here μB is 
the Bohr magneton and each Cr ion carries 3μB. In twisted bilayer 
CrI3, the presence of AF and FM domains lowers the energy cost 
for the spin-flip transition by the domain wall energy and gives 

Bc ≈
2fAFJ⊥−π

(

a
aM

)√
J∥(K+2J⊥)

fAF(3μB)
 (Methods). The exchange constants 

J∥, J⊥ ∝ tα (with α < 1) and the anisotropy energy K ∝ tβ (with β > 1) 
show distinct scaling with the reduced temperature t = Tc−T

Tc  (Tc is 
the critical temperature)30–32. Using α = 0.22 (ref. 28) for both J∥ and 
J⊥ and β = 2.3, we can reproduce the observed non-monotonic tem-
perature dependence of Bc in Fig. 4c (red line).

Finally, we demonstrate gate control of the FM–AF state. 
Figure 5a shows the magnetic-field dependence of MCD (normal-
ized by the saturated value at 1 T) at varying gate voltages for the 
1.2° twist sample. With increasing gate voltage (corresponding to 
electron doping), Bc decreases by as much as ~50% while the FM 
loop is little affected. The result shows that the primary effect of 
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electron doping is to weaken the interlayer AF exchange J⊥ in the 
M regions, consistent with earlier reports on natural bilayer CrI3 
(refs. 25,26). Meanwhile, the remnant magnetization as manifested by 
MCD(0T) ∝ fFM increases by ~10% with gating (Fig. 5b). (Extended 
Data Fig. 10 shows a similar result from another device.) Such an 
increase reflects shrinkage of the AF domains (or equivalently, 
expansion of the FM domains) as J⊥ is weakened. At sufficiently high 
electron doping densities, where J⊥ becomes smaller than the criti-
cal value J⊥c ≈ θ

√

J∥K/fAF (Methods), the energy gain from form-
ing AF domains would be overcome by the energy cost of forming 
AF–FM domain walls, and an abrupt quantum phase transition 
from an FM–AF state to a collinear FM state is expected10. Tuning 
J⊥ by electron doping in a sample with fixed θ is therefore similar 
to varying θ while keeping J⊥ constant (Fig. 3). Future studies with 
higher electron doping densities or samples very close to θc will pro-
vide a promising route to achieve a voltage-induced transition.

In conclusion, we have realized moiré superlattices in twisted 
CrI3 bilayers and demonstrated a new magnetic ground state with 
coexisting FM and AF orders, which can be further tuned by either 
twist-angle or electrical gating. Our results support the formation 
of AF and FM domains on the moiré length scale from compet-
ing interlayer exchange interactions and are consistent with the 
predictions of a spin model for twisted bilayer magnetic materi-
als10–14. High-resolution and high-sensitivity magnetic imaging is 
warranted to directly demonstrate the moiré magnetic textures in 
future studies.
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Methods
Device fabrication. We fabricated twisted bilayer CrI3 devices by the 
tear-and-stack method22–24 inside a glovebox with water and oxygen levels below 
1 ppm. Monolayer CrI3 was mechanically exfoliated from bulk CrI3 crystals onto 
SiO2/Si substrates and identified by its optical contrast under a microscope. One 
example is shown in Extended Data Fig. 1a. We picked up a part of the flake (the 
black dashed curve) from the substrate with a polydimethylsiloxane/polycarbonate 
stamp and then twisted the remaining part (the red dashed curve in Extended 
Data Fig. 1b) on the substrate by an angle θ that ranges from 0° to 60°. A fine 
angle control is achieved by using a high-precision rotation stage (Thorlabs PR01). 
Finally, we engaged the two monolayers to form a twisted bilayer (Extended Data 
Fig. 1c). The finished twisted bilayer was encapsulated by hBN and contacted with 
graphene electrodes. A subset of the samples also has extra few-layer graphene 
as top and bottom gate electrodes. The CrI3 and hBN substrates are generally 
not angle-aligned. Because of the large lattice mismatch between CrI3 (6.87 Å) 
and hBN (2.5 Å), the relative angle alignment between the two is probably 
unimportant. We also fabricated a small number of hBN-encapsulated samples 
and transferred these onto TEM windows made of 8-nm-thick amorphous SiO2 
membranes for the STEM studies. Thinner hBN substrates (<5 nm thick) are 
used to reduce the hBN diffraction intensity. All of the encapsulated samples are 
chemically stable. Measurements over multiple cycles can be performed without 
any sign of sample degradation. Extended Data Fig. 2 shows the polarization angle 
dependence of the Raman spectrum of two small-twist-angle samples measured 
in the cross-polarization configuration. Isotropic angle dependence is observed, 
consistent with the three-fold rotational symmetry of twisted bilayer CrI3.

Effects of lattice and strain relaxation. Similar to twisted bilayer graphene21 
and transition metal dichalcogenides33, lattice and strain relaxations are expected 
in twisted bilayer CrI3, especially for small twist angle and large moiré period. 
The main effect is expected to expand the R-stacking region, which has lower 
ground state energy19, and therefore increase the FM ratio in the sample. This 
effect is expected to diminish at larger twist angles—for example, near the critical 
angle where the moiré period is reduced to ~13 nm. Because we do not observe 
a substantial increase in the FM ratio in small-twist-angle samples (Fig. 3a), 
large-scale structural relaxation is unlikely in the range of twist angles examined in 
this study.

MCD measurements. Similar MCD measurements on 2D CrI3 have been reported 
in earlier studies15,25,27. In short, an incident He–Ne laser beam (633 nm) was 
focused onto the sample plane to a diffraction-limited spot (~500 nm in diameter) 
under normal incidence using a microscope objective of high numerical aperture 
(~0.81). The polarization of the incident light was modulated between left and 
right circular polarization by a photoelastic modulator. The reflected light was 
collected by the same objective and directed to a biased photodiode. The a.c. and 
d.c. components of the reflected light were collected by a lock-in amplifier and a 
multimeter, respectively. The MCD signal is defined as the ratio of the a.c. to the 
d.c. signal. Because circularly polarized light is used to probe the magnetic state, 
the measurement is insensitive to potential optical birefringence in the sample due 
to unintentional uniaxial strain33. For the MCD measurements, we have avoided 
samples or regions of samples with visible defects such as trapped bubbles. For 
MCD imaging studies, we used a filtered tungsten halogen lamp output (centred 
at 633 nm with a bandwidth of ~10 nm) for broad-field illumination in the 
same set-up. Samples with few or no visible trapped bubbles were selected. The 
reflected light intensity from left- and right-handed illumination was collected to 
a charge-coupled device that produces an optical image of the sample. The MCD 
image at a given magnetic field is obtained by normalizing the difference between 
the two images by their sum.

Four-dimensional STEM imaging and image analysis. The twisted bilayer CrI3 
sample was imaged in an FEI F20 S/TEM at 200 kV using a 10 µm condenser 
aperture and a probe semiconvergence angle of ~1.5 mrad. The sample was imaged 
using the 4D STEM technique, in which an electron probe is stepped over a scan 
region and a full electron diffraction pattern is recorded at each pixel step. The 
final 4D dataset (2D diffraction pattern × 2D image) was then used to recover 
details about the local crystal structure over large fields of view. All 4D STEM 
imaging was done using the Electron Microscope Pixel Array Detector (EMPAD)34. 
The high dynamic range of the EMPAD (106:1) allows for the collection of both the 
direct and scattered electron beams. A real-space scan size of 256 × 256 pixels and 
an acquisition time of 3 ms pixel−1 were used.

The 4D STEM data were screened and processed using the Cornell Spectrum 
Imager35. Each 4D STEM dataset consists of a 2D real-space scan and a 2D 
diffraction pattern associated with each real-space pixel in that scan. Virtual 
dark-field images are created by masking a region of the diffraction pattern and 
summing over the contributions of each pixel in the mask to obtain the intensity 
of the real-space image. The average moiré periodicity was calculated from the 
fast Fourier transform (FFT) of one of the dark-field images. The FFT contains a 
pair of peaks arising from the real-space moiré. A line profile was taken through 
the FFT and Gaussian functions were fitted to the peaks in MATLAB. The moiré 
periodicity and uncertainty were taken to be the mean and one standard deviation 

from the Gaussian fit parameters. Using this method, the moiré period in Fig. 1d–f 
was found to be 18.3 ± 2.7 nm.

AF–FM domain wall width. We consider a model that involves an abrupt 
physical boundary between the monoclinic and rhombohedral stacking regions 
in the moiré superlattice of twisted bilayer CrI3. The simple model is intended to 
provide an order-of-magnitude estimate of the experimental observations. Since 
the interlayer FM exchange interaction for rhombohedral stacking is predicted 
to be substantially stronger than the interlayer AF exchange interaction for 
monoclinic stacking19, we assume the AF–FM domain walls can only form in the 
monoclinic stacking regions. The domain wall energy per moiré unit cell consists 
of three terms:

EDW ≈ π
2
( aM

δ

) J∥
2

+

(
δaM
2a2

)

(K + 2J⊥) . (1)

Here δ is the domain wall width and δaM
a2 ≈ N  is the number of spins in 

the domain wall (per moiré unit cell). The first two terms, involving intralayer 
FM exchange J∥ and magnetic anisotropy K, constitute the standard expression 
for the energy cost of forming domain walls in FM materials. They compete 
against each other: a larger J∥ favours a wider domain wall; conversely, a larger K 
favours a narrower domain wall. The last term is the energy cost from interlayer 
exchange interactions in the monoclinic stacking regions. It can be evaluated from 
∑N

i=1 J⊥(1 + cosϕi) ≈
NJ⊥

π

π

∫
0
dϕ (1 + cosϕ), where ϕ is the angle between the 

top and bottom layer spins. Minimizing EDW with respect to δ yields an expression 
for the domain wall width:

δ ≈ π

√
J∥a2

K + 2J⊥
. (2)

This is analogous to the result for domain walls in FM materials, δ ≈ π

√
J∥a2

K , 
with the modification of K → K + 2J⊥. We estimate the domain wall width in CrI3 to 
be about 4 nm at low temperatures, which is substantially smaller than aM ≈ 20 nm. 
At higher temperatures (still below Tc), where the magnetic anisotropy energy K 

becomes negligible compared to J⊥, the domain wall width becomes δ ≈ π

√
J∥a2

2J⊥
. 

Therefore, δ here is expected to have a much weaker temperature dependence 
compared to that in the FM materials.

Critical twist angle and interlayer exchange coupling. In the above model, the 
non-collinear magnetic ground state originates from the competing magnetic 
interactions between the formation of the AF–FM domain walls and the interlayer 
AF exchange in the monoclinic stacking regions. A non-collinear state is favoured 
only if the latter dominates. The energy gain per moiré unit cell from having AF 
domains in the monoclinic stacking regions is:

EAF ≈ 2fAF
( aM

a

)2
J⊥. (3)

The energy cost per moiré unit cell from forming the domain walls, after 
substituting equation (2) into equation (1), is:

EDW ≈ π
( aM

a

)√
J∥ (K + 2J⊥). (4)

The non-collinear-to-collinear phase transition occurs when EAF ≈ EDW. If the 
transition is tuned by the twist angle θ, we can obtain a critical angle by using 
a
aM = 2 sin θ

2 ≈ θ:

θc ≈
fAFJ⊥

√
J∥(K + 2J⊥)

. (5)

Alternatively, if the transition is tuned by varying J⊥ through gating at a 
fixed twist angle θ, we can obtain a critical interlayer exchange by keeping the 
leading-order term:

J⊥c ≈ θ
√

J∥K/fAF. (6)

Spin-flip transition field. The spin-flip transition field Bc for the AF domains in 
the non-collinear phase can be evaluated following similar consideration of the 
energetics. The application of an external magnetic field favours the collinear state. 
The magnetic energy per moiré unit cell of the monoclinic stacking regions for the 
collinear state is

Ecol ≈ fAF
( aM

a

)2
(J⊥ − 3μBB) . (7)

The first term is the energy cost for having an interlayer FM configuration 
in the collinear state; and the second term is the Zeeman energy gain for the FM 
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state. On the other hand, the energy per moiré unit cell at the monoclinic stacking 
regions for the non-collinear state is

Encol ≈ EDW − fAF
( aM

a

)2
J⊥. (8)

The first term is the energy cost for forming domain walls and the second term is 
the energy gain for having an interlayer AF configuration in the monoclinic stacking 
regions. The spin-flip transition field can be obtained by equating (7) and (8):

Bc ≈
2fAFJ⊥ − π

(
a
aM

)√
J∥(K + 2J⊥)

fAF (3μB)
. (9)

Data availability
The source data that support the findings of this study are available within the 
paper. Additional data are available from the authors upon reasonable request. 
Source data are provided with this paper.
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Extended Data Fig. 1 | Tear-and-stack method. a-c, Optical images taken during the preparation of a twisted bilayer CrI3 sample. The monolayer in a is 
torn apart partially (outlined by the black dashed curves) and picked up by an hBN flake, leaving the remaining portion on the substrate. The remaining 
portion in b (outlined by the red dashed curves) is rotated by an angle θ. The two monolayers of CrI3 are finally engaged to form a twisted bilayer (c). The 
scale bar is 10 micrometers.
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Extended Data Fig. 2 | Polarization-resolved Raman spectrum of twisted bilayer CrI3. a, Schematics of a moiré superlattice structure formed by 
small-twist-angle bilayer CrI3. R, M and AA denote rhombohedral, monoclinic and AA stacking order, respectively. The blue lines denote the direction of 
the major axis in the corresponding M region. The three axes are related to each other by a 120° rotation. b,c, Raman spectrum of a 1.2° (b) and a 2.0° 
(c) twisted bilayer as a function of polarization angle of the excitation. The linear polarization of the incident light is rotated by a half-wave-plate and 
cross-polarized Raman spectra are recorded. This is equivalent to recording cross-polarized Raman spectra for a rotating sample. Isotropic response is 
observed, as expected from the three-fold rotational symmetry of the major axis of the M regions.
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Extended Data Fig. 3 | Correlated STEM and MCD studies (sample 1). a, Optical image of the sample for the STEM measurements shown in Fig. 1. The 
scale bar is 20 micrometers. b,c, Sum of the STEM dark field images in Fig. 1d–f before (b) and after (c) applying a sigma=1.25 pixel Gaussian filter. Since 
the image is constructed from the third-order diffraction spots from twisted CrI3, the true moiré period is three times the value shown in this figure. The 
scale bars are 25 nm. d, MCD measurement performed on the same sample area. No significant changes were observed in the MCD before and after the 
STEM measurements.
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Extended Data Fig. 4 | Correlated STEM and MCD studies (sample 2). a-d, Electron diffraction and the corresponding real-space dark field moiré fringe 
patterns for sample 2, with the twist angle estimated to be 2.4 ± 0.5°. The target twist angle is 2°. e, MCD measurement performed on the same sample area.
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Extended Data Fig. 5 | Large field-of-view dark-field TEM image (sample 2). Electron-beam diffraction pattern (a) and real-space dark-field moiré fringe 
pattern (b). The image in b is constructed from the second-order diffraction peak of CrI3 selected by the dark-field mask shown in yellow in a. The true 
moiré period is two times the value shown in b. The scale bar is 150 nm.
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Extended Data Fig. 6 | Temperature dependent AC susceptibility (15°-twist sample). The inset shows the sample and the AC susceptibility measurement 
schematic. An AC current through the metallic ring structure is used to generate a small oscillating magnetic field of a few Oe. The AC susceptibility 
is measured using MCD as χ′ = ∂MCD

∂H  (details of the method are described in ref. 25). The twisted bilayer region (red) shows a single divergent peak of 
χ′(T), indicating FM coupling of the two layers and the absence of uncoupled regions. The Curie temperature is ~ 6 K higher in the twist bilayer than in the 
isolated monolayer region (black).
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Extended Data Fig. 7 | Additional MCD data at 4 K for samples with twist angles 0.8° (a), 1.5° (b) and 2.6° (c).
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Extended Data Fig. 8 | Additional MCD imaging data. a, Map of MCD(1T)−MCD(0T) for 15°-twist bilayer CrI3. No AF contribution is observed as 
expected. b, Map of MCD(0T) (left) and MCD (1T)−MCD(0T) (right) for a 60° sample. Only FM contribution is seen. The black and red dashed lines 
outline the constituent CrI3 monolayers. The MCD(0T) image was taken after the sample is polarized at B = 1 T.
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Extended Data Fig. 9 | Temperature dependence in natural bilayer CrI3. MCD versus magnetic field in a natural bilayer CrI3 at different temperatures (a) 
and the temperature dependence of the spin-flip transition field Bc (b). Bc is the average spin-flip transition field between forward and backward sweeps. 
The error bars are estimated from the width of the transition.
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Extended Data Fig. 10 | Additional gate-dependent MCD response at 4 K for another sample with θ = 1.6°.
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