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Moiré magnetism in CrBr3 multilayers
emerging from differential strain

Fengrui Yao 1,2 , Dario Rossi 3, Ivo A. Gabrovski1, Volodymyr Multian 1,2,4,
Nelson Hua 5, Kenji Watanabe 6, Takashi Taniguchi 7, Marco Gibertini 8,9,
Ignacio Gutiérrez-Lezama 1,2, Louk Rademaker 1 &
Alberto F. Morpurgo 1,2

Interfaces between twisted 2D materials host a wealth of physical phenomena
originating from the long-scale periodicity associated with the resultingmoiré
structure. Besides twisting, an alternative route to create structures with
comparably long—or even longer—periodicities is inducing a differential strain
between adjacent layers in a van der Waals (vdW) material. Despite recent
theoretical efforts analyzing its benefits, this route has not yet been imple-
mented experimentally. Here we report evidence for the simultaneous pre-
sence of ferromagnetic and antiferromagnetic regions in CrBr3—a hallmark of
moiré magnetism—from the observation of an unexpected magnetoconduc-
tance in CrBr3 tunnel barriers with ferromagnetic Fe3GeTe2 and graphene
electrodes. The observedmagnetoconductance evolves with temperature and
magnetic field as the magnetoconductance measured in small-angle CrBr3
twisted junctions, in which moiré magnetism occurs. Consistent with Raman
measurements and theoretical modeling, we attribute the phenomenon to the
presence of a differential strain in the CrBr3 multilayer, which locally modifies
the stacking and the interlayer exchange between adjacent CrBr3 layers,
resulting in spatially modulated spin textures. Our conclusions indicate that
inducing differential strain in vdW multilayers is a viable strategy to create
moiré-like superlattices, which in the future may offer in-situ continuous
tunability even at low temperatures.

Twisted stacks of 2D materials result in the formation of moiré struc-
tures that exhibit fascinating emergent electronic phenomena. Well-
known examples include flat-band superconductivity1 and
magnetism2,3, Mott–Hubbard states4, and spatially modulated non-
collinear magnetic textures5–9. The physical properties of moiré van
der Waals (vdW) structures depend sensitively on the twist angle

(Fig. 1a), which is normally fixed at the assembly stage and cannot be
further changed. Ensuring the uniformity of the twist angle over a large
area, and developing strategies to continuously tune the moiré
superlattice, represent major experimental challenges10,11.

To gain additional control, it has been proposed to exploit
moiré-like structures resulting from differential strain in the
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direction perpendicular to the layers12,13. The idea is to create a strain
pattern in multilayers of vdW materials such that neighboring layers
are strained differently, with the difference in lattice vectors in
adjacent layers determining the resulting moiré pattern (Fig. 1b, c).
This scheme mimics what happens in hetero-bilayers of semi-
conducting transition metal dichalcogenides, where the moiré ori-
ginates from the naturally occurring difference in lattice

constants14,15. The key advantage offered by differential strain is that
its strength can in principle be varied continuously, resulting in a
tunable moiré periodicity. Despite the timeliness of the subject,
however, no experiments have been reported that show how the
presence of a strain gradient in vdW materials creates moiré-like
structures hosting phenomena analogous to those observed in
twisted multilayers.
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Fig. 1 | Strain-inducedmoiré superlattices and stacking-dependentmagnetism
of CrBr3. a Moiré superlattices commonly originate from a small twist angle θ

between identical vdW layers. They can also arise from interlayer biaxial (b) and
uniaxial (c) differential strain, which cause adjacent layers to have slightly different
lattice vectors. Red and blue honeycomb lattices represent atoms in the two layers.
d Top view of the lattice structure of monolayer CrBr3 and its unit cell, displaying
the honeycomb lattice formed by Cr atoms (blue balls) within the edge-sharing
octahedra of Br atoms (white balls). e Depending on how layers are stacked, three
distinct (meta)stable structures of CrBr3 are known, with different interlayer
exchange coupling: theM (monoclinic) and AA stackings lead to antiferromagnetic
(AFM) interlayer coupling; the rhombohedral (AB) stacking leads to interlayer
ferromagnetic (FM) ordering (only the Cr atoms are depicted; red and blue balls

represent Cr atoms in the two layers). f In differentially strained CrBr3 layers, the
spatial dependence of the interlayer exchange spontaneously results in the for-
mation of non-collinear spin textures (i.e., moiré magnetism). g the tunneling
magnetoconductance δG(H, 2 K) of FM barriers (data measured on a four-layer AB
stacked CrBr3 junction) is small (2%) at low temperature and exhibits characteristic
“lobes” near TC as shown in h. In contrast, AFM barriers (data measured on a four-
layer M stacked CrBr3 junction) exhibit a large low-T magnetoconductance (i) due
to the spin-flip transitions of the inner and outer layers, which is suppressed as T is
increased, and which vanishes above TN (j see ref. 28. for the analogous data
measured in an AA stacked AFM CrBr3 barrier and for more information about the
devices used to measure the data shown in this figure).
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Here, we demonstrate that differential strain gives rise to moiré
magnetism5–9,16–24 in multilayers of an originally ferromagnetic system,
resulting in the coexistence of ferromagnetic and antiferromagnetic
regions. Our experiments rely on tunneling magnetotransport mea-
surements through CrBr3 barriers sandwiched between a Fe3GeTe2
metallic ferromagnetic electrode and a graphene contact. The mag-
netoconductance of such devices shows that the expected spin-vale
effect –determined by the relative orientation of the magnetization in
the Fe3GeTe2 electrode and the CrBr3 barriers—coexists with an
unexpected, reproducible background. This background is virtually
identical to the tunneling magnetoconductance that we measure on
small-angle twisted CrBr3 barriers contacted exclusively with (non-
magnetic) graphene electrodes, from which we conclude moiré mag-
netism is at the origin of the effect. To elucidate what causes the
emergence of a moiré pattern in multilayers that are originally ferro-
magnetic, we perform Raman measurements showing how at low
temperatures under the Fe3GeTe2 electrode, the structure of the CrBr3
multilayer breaks its rhombohedral symmetry , as expected in the
presenceof differential strain.We complement our experimentswith a
theoretical analysis, which predicts that differentially strained CrBr3
barriers should host a backgroundmagnetoconductance with a shape
and on a magnetic field scale compatible with our experimental
observations. These results demonstrate the possibility to induce
moiré physics in the absence of twisting between layers, exclusively
from differences in lattice parameters that originate from differential
strain.

Results
Detecting moiré magnetism with magnetotransport
A single CrBr3 layer (see Fig. 1d) is ferromagnetic with out-of-plane
magnetic order, and Curie temperature near 30 K25,26. In the three
known (meta)stable structures of the material27,28, the coupling
between adjacent CrBr3 layers is either ferromagnetic –for rhombo-
hedral (AB) stacking—or antiferromagnetic—for AA or Monoclinic (M)
stacking (see Fig. 1e). As our investigations of Fe3GeTe2(FGT)/CrBr3
structures rely on tunneling magnetotransport measurements, we
illustrate the methodology by discussing the recently reported mag-
netoconductance δG of these naturally occurring ferro and anti-
ferromagnetic CrBr3 barriers with graphene (Gr) electrodes.

Tunneling occurs in the Fowler-Nordheim regime and the mag-
netoconductance is due to the alignment of the spins in the CrBr3
barrier, with increasing spin alignment that lowers the barrier
height28–30. Accordingly, in ferromagnetic CrBr3 barriers the magne-
toconductance is small at low T (Fig. 1g)—because the spins already
align spontaneously in the absence of an applied field μ0H—and peaks
near the Curie temperature (Fig. 1h)—where the magnetic suscept-
ibility tends to diverge30. In the antiferromagnetic phases of CrBr3,
instead, the low-Tmagnetoconductance is large (see Fig. 1i, j), because
the applied field flips the magnetization of individual layers and dras-
tically improves spin alignment30–35. For both ferro and anti-
ferromagnetic CrBr3 barriers, the evolution of the tunneling
magnetoconductance with H and T correlates to the magnetization of
thebarrier, and for ferromagnetic CrBr3 barriers,δGhasbeen shown to
be a function of M (i.e, δG (H, T) = δG (M (H, T)))30.

If one of the graphene electrodes is substituted with a FGT
multilayer36 (Fig. 2a, b), the behavior of the low-T magnetoconduc-
tance changes qualitatively. When electrons are injected from FGT
(Fig. 2d), hysteresis appears and the barrier conductance is smaller
when the magnetization directions in CrBr3 and FGT are antiparallel
(Fig. 2f and Supplementary Fig. 1). The phenomenon is the expected
spin-valve effect37, as the CrBr3 barrier spin-filters the spin-polarized
electrons injected from the ferromagnetic contact38. Unexpectedly,
however, the hysteretic contribution is superimposed onto a positive
magnetoconductance background absent in devices with only gra-
phene contacts. The background (δGbg, bottom panel of Fig. 2f)

resembles the magnetoconductance of antiferromagnetic CrBr3 bar-
riers: it occurs on comparable magnetic field scales, has smaller but
comparable magnitude, and an identical temperature dependence
(compare with Fig. 1i, j, and discussion of Fig. 4), albeit without equally
sharp jumps.When electrons are injected from the graphene electrode
(Fig. 2e), hysteresis is nearly absent, but the magnetoconductance
background remains unchanged (Fig. 2g). Virtually identical behavior
has been seen in all four FGT/CrBr3/Gr junctions that we have studied
experimentally (see also Supplementary Fig. 4, which shows that at
T = 2K, the background δGbg, is on average one order of magnitude
larger than the magnetoconductance of a ferromagnetic CrBr3
barrier).

The absence of hysteresis when electrons are injected from gra-
phene is understandable, because in the Fowler-Nordheim regime the
resistance is dominated by the electron injection process. Hysteresis is
therefore not expected when injecting from graphene, as graphene
injects spin-unpolarized electrons. Following the same logic, finding
that the background magnetoconductance is the same irrespective of
the injecting electrode indicates that the phenomenon does not ori-
ginate from injection at either contact, but is a manifestation of a
property of the CrBr3 barrier itself, which is modified by the presence
of the FGT electrode.

To confirm that the background magnetoconductance only
occurs in the presence of FGT electrodes we fabricated a pair of tunnel
junctions on the sameCrBr3multilayer, separatedby only 2–3microns.
In one of the junctions, the CrBr3 barrier is sandwiched between two
graphene contacts, and in the other junction, one of the electrodes is
an FGT crystal (see Fig. 3a). As expected, the magnetoconductance
measured on the junction with two graphene contacts shows the
typical behavior of ferromagnetic CrBr3 barriers: very small magne-
toconductance at low-T, Fig. 3b, and “lobes” near TC, Fig. 3c (compare
with Fig. 1g,h), confirming that the multilayer is indeed
ferromagnetic28,30. The nearby junction realized with one FGT contact
(Fig. 3d), instead, shows spin-valve effect when injecting electrons
from FGT (evidence for ferromagnetism in CrBr3), coexisting with the
magnetoconductance background described above, which persists
when injecting electrons from graphene (Fig. 3e). Again, the tem-
perature evolution of the magnetoconductance background (Fig. 3f)
resembles that measured in antiferromagnetic CrBr3 tunnel barriers
(compare with Fig. 1i, j), with all features shifting to lower field as
temperature is increased and disappearing above TC. Note that the
background coexists with the positive magnetoconductance “lobes”
above TC typical of ferromagnetism30.

These observations establish that whenever FGT contacts are
used themagnetoconductance systematically exhibits amagneticfield
and temperature dependent background that is indicative of the pre-
sence of antiferromagnetism, even if a purely ferromagnetic pristine
CrBr3 multilayer is employed to realize the tunnel barrier. This is
confirmed by a second device with the same geometry, which exhibits
virtually identical behavior (Supplementary Fig. 2). We therefore con-
clude that bringing a CrBr3 ferromagnetic multilayer into contact with
a FGT electrode induces antiferromagnetism in CrBr3. Ferro and anti-
ferromagnetic regions are then simultaneously present, as expected in
the presence of a moiré, and such coexistence can account for all the
different aspects of the measured magnetoconductance.

Magnetoconductance of twisted CrBr3 tunnel barriers
To confirm that the coexistence of ferromagnetism and anti-
ferromagnetism measured in FGT/CrBr3/Gr tunneling junction comes
from moiré magnetism, we have compared the behavior of these
devices to that of small-angle (less than 3°) twisted CrBr3 barriers,
similar to twisted CrI3 bilayers in which moiré magnetism is
established5–8. Three twisted barriers were fabricated employing a
common tear-and-stack process (see Methods for detail), to assemble
two ferromagnetic CrBr3 multilayers (~10 nm thick) on top of each
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otherwith a nominal twist angle of 2.5°, 2°, and 1.5°, respectively. These
twist angles are within the range for which moiré magnetism is
expected for Chromium trihalides5–8. The twisted CrBr3multilayers are
sandwiched between graphene contacts. In one device, the non-
twisted region was also sandwiched by two graphene contacts (see
Fig. 4a) to confirm that the constituent CrBr3 multilayers consist of
rhombohedral ferromagnetic stacking. The results of the low-
temperature magnetoconductance measurements of non-twisted
and twisted regions are shown in Fig. 4b, c, respectively.

In all twisted multilayer devices, a positive magnetoconductance
background nearly saturating at (or just below) 1 T is observed at
T = 2K, whose shape is very similar to the magnetoconductance
background seen in FGT/CrBr3/Gr devices (compare Fig. 4c with
Fig. 2f, g bottom panels and Fig. 3e). No sharp jumps but smooth

shoulders are present, in contrast with the CrBr3 antiferromagnetic
barriers, in which sharp jumps are in general seen at approximately
0.2 T and 0.4T or at 0.55 and 1.1 T depending on the specific anti-
ferromagnetic stacking28. The magnetoconductance background of
the twisted CrBr3 devices is nearly symmetric upon reversing the
applied bias, analogous to the behavior of FGT/CrBr3/Gr devices.
Magnetoconductance data measured upon increasing the tempera-
ture for one device (plotted in Supplementary Fig. 3) show the coex-
istence of features originating from ferromagnetism (lobes near Tc)
and antiferromagnetism (all features shift to lower fields as T increases
and disappear as T reaches TC), closely matching the evolution seen in
FGT/CrBr3/Gr device whose data are shown in Fig. 3f.

To better compare the magnetoconductance curves of the four
different FGT/CrBr3/Gr barriers with that of the twisted CrBr3 barriers,
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Fig. 2 | Coexistence of ferro- and antiferromagnetism in Fe3GeTe2(FGT)/CrBr3
barriers. Schematic structure (a) optical micrographs (b) and an example of
current-voltage (I-V) characteristics (c) of a FGT/CrBr3/graphene (Gr) tunnel barrier
device (data measured at T = 2 K). d, e for positive and negative bias, electrons
injected from the FGT or the Gr electrode respectively, tunnel through the CrBr3
barrier (~8.5 nm), with transport occurring in the Fowler-Nordheim (FN) regime.
f Tunneling magnetoconductance δG(H, 2 K) for electrons injected from the FGT
contact (top panel; V = 2.1 V; the blue and red curves are the magnetoconductance
δG" and δG# measuredwhen sweeping themagneticfield in the direction indicated
by the arrows). The hysteresis is amanifestation of the spin-valve effect, resulting in
a larger (smaller) conductance when the magnetizations of FGT and CrBr3 are
parallel (antiparallel) to each other. The spin-valve magnetoconductance (δG"

-δG#, middle panel) is superimposed on a sizable magnetoconductance back-
ground (δGbg = ((δG" + δG#)+( δG" � δG#

�� ��))/2, bottom panel) that resembles the
magnetoconductancemeasured in AFMCrBr3 barriers (compare to b).g Tunneling
magnetoconductance measured with electrons injected from the graphene elec-
trode (top panel; V = −2.1 V). The spin valve effect (middle panel) is absent but the
background magnetoconductance (bottom panel) is virtually identical to that
measured when injecting electrons from the FGT contact. The observation of spin-
valve effect and of the magnetoconductance background in a same device provide
direct evidence for the coexistence of FM of AFM regions in the CrBr3 barrier. The
same behavior has been observed in all tunnel barriers that we realized with FGT
contacts (in all measurements, the magnetic field is applied perpendicular to the
layers).
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we normalized the data to the value of the magnetoconductance
measured at μ0H = 1 T and plotted all curves together (see Fig. 4d). The
differences in magnetoconductance between twisted CrBr3 and FGT/
CrBr3/Grdevices iswithin the spreadof the curvesdue todifferences in
twist angle or in strain orientation (i.e., the relative orientation of the
crystalline structures of the FGT and CrBr3 multilayers). Finding that
the magnetoconductance of FGT/CrBr3/Gr devices exhibits trends
identical to those of devices based on twisted CrBr3, whose magne-
toconductance is due to moiré magnetism, confirms that –despite the
absence of any twist—moiré magnetism is present FGT/CrBr3/Gr
devices.

Probing the structure of CrBr3 under the FGT contact
To understand why FGT/CrBr3/Gr devices exhibit moiré magnetism in
the absence of any twist between the CrBr3 layers, we performed
Raman spectroscopy measurements to probe the structure of the

CrBr3multilayer under a FGT contact. In CrBr3 –as in all other common
Chromium trihalides—Raman spectroscopy can discriminate between
the naturally occurring AB-stacking of the constituent layers (i.e.,
rhombohedral, with three-fold rotation symmetry) leading to ferro-
magnetism, from the monoclinic staking of the most common anti-
ferromagnetic state, which breaks three-fold rotation symmetry.
Indeed, Raman measurements are expected to exhibit a dependence
on the polarization of the incident and detected light in themonoclinic
structure22,39–41, absent in the rhombohedral one. The measurements
focused on the modes within the 135 –165 cm−1 range, known to be
sensitive to the stacking configuration, and were performed in the
crossed (XY configuration, Fig. 5a) and parallel (XX configuration,
Fig. 5b) polarization channels of the incident and detected light (see
“Methods” Section for details).

At 20K, Raman spectra of CrBr3 away from the FGT contact (illu-
strated in Fig. 5a, b by three representative green and red curves
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Fig. 3 | Magnetoconductance of nearby FGT/CrBr3 /Gr and Gr/CrBr3/Gr junc-
tions. a Schematic view of a device consisting of a FGT/CrBr3/Gr and a Gr/CrBr3/Gr
tunnel barriers realized on a same CrBr3 multilayer (~3.4 nm), at a few micron
distance from each other (h-BN encapsulating layers not shown). b, Tunneling
magnetoconductance of the Gr/CrBr3/Gr barrier and (c) color plot of its tempera-
ture dependence: the small low-temperaturemagnetoconductance and the “lobes”
nearTc confirm that the CrBr3multilayer is fully ferromagneticwhen not in contact
with a FGT crystal (compare with Fig. 1g, h). d Tunneling magnetoconductance of
the FGT/CrBr3/Gr junction with electrons injected from the FGT (V > 0, top panel)
and the Gr (V <0, bottom panel) electrode (data taken at T = 2 K). Spin-valve
magnetoconductance is observed (onlywhen injecting fromFGT) and indicates the
presence of ferromagnetism in the CrBr3 multilayer. The magnetoconductance

background—present irrespective of injecting electrode (see top and bottom plots
of the (e))—indicates the simultaneous presence of antiferromagnetism. The
comparison of the magnetoconductance measured on the two nearby junctions
therefore confirm that the coexistence of ferro and antiferromagnetism occurs
exclusively in the CrBr3 multilayer under the FGT crystal. f The color plot of the
temperature-dependent magnetoconductance background extracted from the
FGT/CrBr3/Gr junction (electrons injected from the FGT (top panel) and from Gr
(bottom panel)) further confirms the coexistence of ferromagnetism: the “lobes”
near Tc illustrate the presence of ferromagnetism, and the background shrinking in
magnetic field as T approaches Tc (and disappearing for T > Tc) originates from the
presence of antiferromagnetism.
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measured on each side of the FGT electrode, see Supplementary Fig. 5
for detailed positions) reveal two peaks at ~142 cm−1 and 152 cm−1, cor-
responding to twofold degenerate Eg modes42. The peak positions and
intensities are the same in the twopolarization channels, as expected for
the rhombohedral (ferromagnetic) stacking of CrBr3. In contrast, under
FGT, we observe a broadening of the peaks, whose shape suggests the
presence of overlapping peaks from multiple stackings (the Raman
signal is weaker—because the CrBr3 multilayer is located under the
metallic FGT crystal—which makes it difficult to fully resolve the split-
ting). More importantly, the peak positions of the two Raman modes
exhibit an unambiguous dependence on the polarization channel
employed for the measurements, i.e., the peak positions differ for
measurements done in the XX and XY polarization (Fig. 5c, d). Both the
splitting of the peaks and the sensitivity to the polarization channel are
distinct signatures of monoclinic stacking in CrBr3. Their observation
confirms that under the FGT electrode the structure of the CrBr3 mul-
tilayer is modified from the common rhombohedral (ferromagnetic)
stacking of CrBr3 multilayers, as expected in the presence of a moiré.

We attribute the presence of the moiré identified by the Raman
measurements—and responsible for the coexistence of ferro and
antiferromagnetism in CrBr3 in contact with FGT—to differential strain
in the CrBr3 multilayer. To explain its presence, we propose a scenario
in which differential strain originates from the different thermal

expansions of FGT and CrBr3
42,43. In simple terms, the FGT/CrBr3/Gr

structures are assembled at room temperature, where coupling
between FGT and CrBr3 is established. Upon cooling, the difference in
thermal expansion of the two materials imposes a strain in the upper
layers of CrBr3 that propagates in the layers further away. As a result,
differential strain appears in CrBr3, resulting in the appearance of
moirémagnetismwith coexisting of FMandAFM regions. Consistently
with this scenario, we find that at room temperature no Raman shift
due to a splitting nor any polarization dependence is observed (see
Supplementary Fig. 5), as the shift and the polarization dependence
evolve gradually and continuously upon cooling, becoming sizable
only well below 100K (see Supplementary Fig. 6, the data show no
indication of sharp changes associated to a structural or magnetic
phase transition).

Theoretical analysis of strain-induced moiré magnetism
Having concluded experimentally that the magnetoconductance
measured in FGT/CrBr3/Grdevices originates fromdifferential strain in
CrBr3 induced by the contact with FGT, we analyze theoretically the
magnetic states that are expected to emerge in the presence of a
strain-induced moiré. The moiré pattern that appears when two
neighboring layers experience differential strain is illustrated in
Fig. 1b, c. The moiré causes the stacking to depend on position, which
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with twist angle 2.5° (top panel), 2° (middle panel), and 1.5° (bottom panel). The
magnetoconductance background is 2-to-4 times larger than that of FGT/CrBr3/Gr
barriers but otherwise shows nearly identical behavior. d Plot of the magneto-
conductance background δGbg of all the measured FGT/CrBr3/Gr devices (con-
tinuous lines) compared to the magnetoconductance of the three twisted CrBr3
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comparison. The comparison illustrates the similarity between the curves mea-
sured in twisted CrBr3 devices and FGT/CrBr3/Gr devices.
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in CrBr3 inevitably results in the simultaneous presence of interlayer
ferromagnetic and antiferromagnetic domains. In practice, in our
devices, the layers in contact with the FGT crystal are under strain due
to the coupling between the twomaterials, with the strain that relaxes
in the layers further away from FGT. Due to the relatively weak vdW
interlayer bonding in the CrBr3 multilayer, we expect that the com-
bined elastic and stacking energy is lowered when all the differential
strain is localized at a single bilayer moiré interface, whose exact
location depends on microscopic details (see Supplementary Infor-
mation Sec. 2.2 for details).

We model the presence of AFM and FM domains at this moiré
interface to understand whether their coexistence can account for the
experimentally observed magnetoconductance. To this end, we cal-
culate the dependence of the magnetization M on the applied mag-
netic field μ0H in the presence of many different differential strain
configurations, and search for similarities between the magneto-
conductance background (δGbg) and the M(H) curve (as mentioned
earlier, in CrBr3 barriers there is a close correspondence between
tunneling magnetoconductance and magnetization30). For the calcu-
lations, we use a continuum field theory based on ref. 17. The mag-
netization of a single layer is described by a spin stiffness and a single-
ion anisotropy, while the interlayer coupling is modulated throughout
the moiré unit cell. Taking into account experimentally relevant
parameters, we find that a CrBr3 moiré bilayer in the absence of a
magnetic field has a magnetic texture with locally c-axis aligned fer-
romagnetic or antiferromagnetic order, separated by coplanar domain
walls (Fig. 6a). Upon the application of a magnetic field these domain

walls move, and the antiferromagnetic domains shrink, leading to
smooth changes in magnetization that indeed mimic the observed
smooth change in magnetoconductance (Fig. 6).

At a first critical field –whose value depends on the strain pattern
and effective spin stiffness– the antiferromagnetic domain around the
AA region disappears through a spin-flip transition (diagram I→ II;
Fig. 6a, b), causing a kink in the magnetization curve (Fig. 6c, pink
shaded region). This is because dM/dH is determined by the shift of
domain walls, and the removal of AFM domains changes this slope. A
second kink at higher fields (Fig. 6c, blue shaded region) is associated
with a spin-flop (diagram II→ III; Fig. 6 a, b) at a field comparable to—
but somewhat larger than—the spin-flip field seen in M-stacked bilay-
ers. This is consistent with the ab initio prediction that the strongest
antiferromagnetic interlayer coupling does not occur for the
M-stacked structures, but for a different monoclinic stacking (M’) that
does not correspond to a (meta)stable M stacking of CrBr3.

The features that we find are robust, in the sense that the two
kinks appear regardlessof thedetails suchas theprecise formof strain,
stiffness, and spin anisotropy. The exact values of the spin flip and flop
fields depend on details such as the thickness of the CrBr3 multilayer
and the induced differential strain, as explained in Supplementary
Information Sec. 2 and Sec. 4. As shown in Fig. 6c, a qualitative
agreement between the experimentally measured magnetoconduc-
tance and the square of themagnetization is found for a realistic set of
model parameters (we compare to the square of the magnetization,
because for ferromagnetic barriers the relation between magneto-
conductance and magnetization is approximately quadratic30).
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Fig. 5 | Comparison of CrBr3 Raman spectra next to and under a FGT crystal.To
gain information about the influence of an FGT contact on the structure of the
underlying CrBr3 multilayer (magnetoconductance in Fig. 3), the Raman spectra of
the CrBr3 tunnel barrier next to and under the FGT electrode were compared. We
focused on the two Eg modes near 140 cm−1 and 150 cm−1, known to be highly
sensitive to the symmetry of the CrBr3 structure. Raman spectra of CrBr3measured
at different points of the CrBr3 tunnel barrier, under crossed (XY, a) and parallel
(XX, b) polarization configuration of the incident and detected light (data mea-
sured around 20K). The red and blue curves are the Raman spectra measured at
positions next to the FGT electrode (on opposite sides); the green curves are
measured at different positions under the FGT electrode (see Supplementary Fig. 3

for position details). Under the FGT electrode, the peaks are broader and exhibit a
shoulder (suggesting that they in fact consist of distinct peaks, i.e., that they are
split). More importantly, the vertical dotted lines mark the peak position in CrBr3
away from the FGT contact. It is apparent that under FGT the peak position is
shifted. c, d Extracted peak wavelength of the two individual modes, as a function
of position on the CrBr3 multilayer where the measurements are done (on the x-
axis, Distance = 0μmcorresponds to a position to the left of the FGT electrode; the
FGT crystal is located at distances between approximately 3μm and 5 μm). A
polarization-dependent shift of the peaks measured under the FGT electrodes is
apparent.
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Discussion
The background magnetoconductance of FGT/CrBr3/Gr barriers—
which exhibits the same evolution (with magnetic field, temperature
and bias polarity) as the magnetoconductance of small-angle twisted
CrBr3 barrier– and the direct signature in Raman spectroscopy of the
presence of monoclinic stacking in CrBr3 under FGT provide con-
clusive evidence for the presence of moiré magnetism in CrBr3 under
FGT. The Raman data—which show a different peak position and
polarization dependence in theCrBr3multilayer under andnext to FGT
only at low temperatures—indicate that CrBr3 under FGT experiences
strain. Taken together, these two experimental findings indicate that
strain causes a moiré in CrBr3, as expected in the presence of differ-
ential strain.

At this stage, not much can be quantitatively said about the spe-
cific properties of the strain-induced moiré at interfaces, and why the
differential strain is larger for some interfaces as compared to others
(for instancewhy it is larger at the FGT/CrBr3 interface as compared to

the Gr/CrBr3 interface). Since strain is likely small (1% is normally
considered to be a sizable strain) and the differential strain can only be
a smaller fraction of the strain of the individual layers, we expect the
moiré wavelength to be much longer than in twisted structures. The
data, however, does not give direct indications as to the periodicity of
the strain-induced moiré. Similarly—even if Raman maps are rather
homogeneous over the CrBr3 under the FGT crystal—inhomogeneity in
the moiré can be present (since the spatial resolution of Raman is
diffraction-limited). Even though technically challenging—because the
strained part of the structure is buried—finding ways to characterize
the structural properties of themoiré present in FGT/CrBr3/Gr devices
is highly desirable. As we mentioned earlier, however, we can never-
theless establish from the temperature dependence of the Raman shift
(see Supplementary Fig. 6) that strain emerges progressively as the
temperature is lowered, with the Raman shift in CrBr3 that increases
gradually upon cooling, and becomes sizable only well below 100K.
That is why a scenario in which strain in CrBr3 originates from the
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difference in thermal expansion coefficients of FGT and CrBr3 appears
realistic.

Conceptually, thefindings reportedhereare relevant as they show
experimentally thatmoiré physics can indeed be accessed by inducing
differential strain in multilayers of vdWmaterials, without the need to
realize small-angle twisted structures. Creatingmoiré structures in this
manner can be advantageous, because strain can be controlled in a
variety of ways. Examples are the use of piezo actuators44–46—which
would eventually allow strain and moiré to be tuned in-situ—of sus-
pended structures of vdW materials47, or possibly even of large-areas
multilayers grown on suitably chosen substrates, in which the lattice
mismatch determines the induced strain48. Inducing, controlling, and
probing strain in vdW materials is a very active field of research49,50,
which will help the identification of the best-suited experimental
routes to create controlled differential strain inmultilayers of interest.

Methods
Device fabrication and measurement
The h-BN/Gr/Fe3GeTe2(FGT)/CrBr3/Gr/h-BN and h-BN/Gr/twisted
CrBr3/Gr/h-BN heterostructures were assembled by means of a dry
pick-up and transfer technique, employing PDMS-PC stampswithin the
controlled inert environment of a N2-filled glove box (H20 <0.1 ppm
and O2 <0.1 ppm). The FGT and CrBr3 multilayers used in the experi-
ments were obtained viamicromechanical exfoliation (done inside the
glove box) of bulk crystals purchased from HQ graphene. In the
assembly process, a PDMS-PC stamp was used to pick up the top h-BN
at 90 °C, followed by the top graphene, FGT, CrBr3 and bottom gra-
phene, each at 70 °C, and the bottom h-BN at 90 °C. The PC with the
whole stack was finally released onto a SiO2/Si substrate at 160 °C.
After transfer, the substrate was immersed in chloroform to dissolve
the PC, leaving the heterostructure on the substrate. As the FGT
crystals used as electrodes are typically 10 nm thick (or somewhat
thicker), air canflowbetween the hBN encapsulating layer and the FGT
crystal edge if the edge is exposed to ambient. If so, air can reach the
CrBr3 multilayer causing its degradation. To eliminate these problems,
we avoided etching the hBN encapsulating layer to contact directly the
FGTelectrode. Instead,weused separate graphite stripes connected to
the FGT crystal (as detailed in Supplementary Fig. 2) and formed
electrical contact to these stripes by edge contacts located far away
from the FGT crystal (edge contacts were realized using electron beam
lithography, reactive-ion etching, electron-beam evaporation of 10 nm
Cr followed by 50 nm Au, and lift-off). For the twistedmultilayer CrBr3
samples, we employed the so-called ‘tear-and-stack’ technique. A
portion of the CrBr3 multilayer was picked up and stacked onto a
larger, remaining layer on the substrate at a targeted twist angle (θ).
Designing the remaining layer larger than the picked-up portion
allowed attaching graphene contacts to both the twisted and untwis-
ted regions of the structure, which were encapsulated with h-BN on
both sides.

Systematic transportmeasurementswere conducted in anOxford
Instruments cryostat equipped with a superconducting magnet and a
heliox insert. Homemade low-noise voltage bias and current mea-
surement modules coupled with digital multi-meters were employed
for the data acquisition.

Raman Measurements
Raman spectroscopy was conducted using a Horiba system (Labram
HR evolution) equipped with a helium flow cryostat (Konti Micro from
CryoVac GMBH). A linearly polarized laser (532 nm, spot size ~1μm)
was focused on the sample within the cryostat through a 50XOlympus
objective. The scattered light was captured by the same objective,
passed through an analyzer, and directed to a Czerni–Turner spec-
trometer equipped with a 1800 groovesmm−1 grating. Detection was
carried out using a liquid nitrogen-cooled CCD array. By varying the
half-wave plate while keeping the analyzer on the detecting light path

fixed, measurements under either parallel (XX) or crossed (XY)
polarization were performed. All measured Raman spectra were fitted
with a set of Voigt functions51 (Gaussian–Lorentzian convolution) to
accurately resolve the peakpositions. Similarly to previous studies39–41,
the Raman tensors of the non-degenerate Ag and Bg modes (in stack-
ings with broken three-fold rotation symmetry) and doubly degen-
erate Eg1 and Eg2 modes (in the AB and AA stacking, with three-fold
rotation symmetry) of CrBr3 multilayer can be written as:
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Accordingly, for AB and AA stacked CrBr3 multilayers, the Raman
intensity for the Eg1 and Eg2 modes as a function of θ can be derived as:
I(Eg1)∝ |m sin(θ)−n cos(θ)|2 and I(Eg2)∝ |m cos(2θ) +n sin(2θ) | 2, where θ is
the polarized direction of excitation light with respect to the analyzer.
Thus, the dependence on the polarization angle cancels out when the
two modes (Eg1 and Eg2) are degenerate, resulting in one single Eg peak
(the total intensity of the degeneratemodes is the same under either XX
configuration or XY configuration; observed in Fig. 4, CrBr3 away from
the FGT contact). However, for stackingswith broken three-fold rotation
symmetry, thedegenerateEgmodes split into thenon-degenerateAg and
Bgmodes. Thus, thepositionofBgmode is distinct fromtheEgmodeand
its Raman intensity as a function of θ can be expressed as:
I(Bg)∝ e2cos2(θ), different intensities under the XX configuration and XY
configuration are observed (observed in Fig. 4, CrBr3 under FGT flake).

Theoretical calculations
We compute the theoretical magnetization curves using the con-
tinuous spin model17, with the inclusion of an out-of-plane magnetic
field. The local magnetization is modeled as planar spins in the x–z
plane with intra-layer spin stiffness, out-of-plane single-ion anisotropy,
and inter-layer Heisenberg spin exchange. For the interlayer coupling,
we consider data from first-principle calculations from ref. 27. and
rescale it to match the experimentally measured spin-flip critical
magnetic fields for the AA and M antiferromagnetic configurations in
CrBr3

28. We consider different types of moiré lattices, derived from
strain and relative rotation of the layers and extract the magnetization
curves from the minimization solutions as a function of the magnetic
field. Further details are provided in the Supplementary Information.

Data availability
The data generated in this study have been deposited in the Yareta
repository of the University of Geneva. Source data file is provided at
https://doi.org/10.26037/yareta:ftcobqbmk5bh5glrdpukq3xmuu.

Code availability
The code adopted for calculations in this study have been deposited in
the Yareta repository of the University of Geneva. Codes are provided
at https://doi.org/10.26037/yareta:ftcobqbmk5bh5glrdpukq3xmuu.

References
1. Cao, Y. et al. Unconventional superconductivity in magic-angle

graphene superlattices. Nature 556, 43–50 (2018).
2. Sharpe, A. L. et al. Emergent ferromagnetism near three-quarters

filling in twisted bilayer graphene. Science 365, 605–608 (2019).
3. Ciorciaro, L. et al. Kinetic magnetism in triangular moiré materials.

Nature 623, 509–513 (2023).
4. Wang, L. et al. Correlated electronic phases in twisted bilayer

transition metal dichalcogenides. Nat. Mater. 19, 861–866 (2020).

Article https://doi.org/10.1038/s41467-024-54870-2

Nature Communications |        (2024) 15:10377 9

https://doi.org/10.26037/yareta:ftcobqbmk5bh5glrdpukq3xmuu
https://doi.org/10.26037/yareta:ftcobqbmk5bh5glrdpukq3xmuu
www.nature.com/naturecommunications


5. Song, T. et al. Direct visualization of magnetic domains and moiré
magnetism in twisted 2D magnets. Science 374, 1140–1144 (2021).

6. Xu, Y. et al. Coexisting ferromagnetic-antiferromagnetic state in
twisted bilayer CrI3. Nat. Nanotechnol. 17, 143–147 (2022).

7. Xie, H. et al. Evidence of non-collinear spin texture in magnetic
moiré superlattices. Nat. Phys. 19, 1150–1155 (2023).

8. Cheng, G. et al. Electrically tunable moiré magnetism in twisted
double bilayers of chromium triiodide. Nat. Electron 6, 434–442
(2023).

9. Boix-Constant, C. et al. Multistep magnetization switching in
orthogonally twisted ferromagnetic monolayers. Nat. Mater. 23,
212–218 (2024).

10. Lau,C.N., Bockrath,M.W.,Mak,K. F.&Zhang, F. Reproducibility in the
fabrication and physics of moirématerials.Nature 602, 41–50 (2022).

11. Kapfer, M. et al. Programming twist angle and strain profiles in 2D
materials. Science 381, 677–681 (2023).

12. Li, L. &Wu, M. Binary compound bilayer andmultilayer with vertical
polarizations: two-dimensional ferroelectrics, multiferroics, and
nanogenerators. ACS nano 11, 6382–6388 (2017).

13. Escudero, F. et al. Designing moire patterns by strain. Phys. Rev.
Research 6, 023203 (2024).

14. Mak, K. F. & Shan, J. Semiconductor moiré materials. Nat. Nano-
technol. 17, 686–695 (2022).

15. Regan, E. C. et al. Emerging exciton physics in transition metal
dichalcogenide heterobilayers. Nat. Rev. Mater. 7, 778–795 (2022).

16. Tong,Q., Liu, F., Xiao, J. & Yao,W. Skyrmions in themoiré of van der
Waals 2D magnets. Nano Lett. 18, 7194–7199 (2018).

17. Hejazi, K., Luo, Z.-X. & Balents, L. Noncollinear phases in moiré
magnets. PNAS 117, 10721–10726 (2020).

18. Wang, C. et al. Stacking domain wall magnons in twisted van der
waals magnets. Phys. Rev. Lett. 125, 247201 (2020).

19. Xiao, F., Chen, K. & Tong, Q. Magnetization textures in twisted
bilayer CrX3 (X= Br, I). Phys. Rev. Res. 3, 013027 (2021).

20. Akram, M. & Erten, O. Skyrmions in twisted van der Waals magnets.
Phys. Rev. B 103, L140406 (2021).

21. Akram, M. et al. Moiré skyrmions and chiral magnetic phases in twis-
ted CrX3 (X= I, Br, and Cl) bilayers. Nano Lett. 21, 6633–6639 (2021).

22. Xie, H. et al. Twist engineering of the two-dimensionalmagnetism in
double bilayer chromium triiodide homostructures. Nat. Phys. 18,
30–36 (2022).

23. Yang, B. et al. Moiré magnetic exchange interactions in twisted
magnets. Nat. Comput. Sci. 3, 314–320 (2023).

24. Fumega, A. O. & Lado, J. L. Moiré-driven multiferroic order in twis-
ted CrCl3, CrBr3 and CrI3 bilayers. 2D Mater. 10, 025026 (2023).

25. Chen, W. et al. Direct observation of van der Waals stacking-
dependent interlayer magnetism. Science 366, 983–987 (2019).

26. Kim, M. et al. Micromagnetometry of two-dimensional ferro-
magnets. Nat. Electron 2, 457–463 (2019).

27. Gibertini, M. Magnetism and stability of all primitive stacking pat-
terns in bilayer chromium trihalides. J. Phys. D 54, 064002 (2020).

28. Yao, F. et al. Multiple antiferromagnetic phases and magnetic
anisotropy in exfoliated CrBr3 multilayers. Nat. Commun. 14,
4969 (2023).

29. Kim, H. H. et al. Evolution of interlayer and intralayer magnetism in
three atomically thin chromium trihalides. PNAS 116, 11131–11136
(2019).

30. Wang, Z. et al. Magnetization dependent tunneling conductance of
ferromagnetic barriers. Nat. Commun. 12, 6659 (2021).

31. Klein, D. R. et al. Probingmagnetism in 2D van derWaals crystalline
insulators via electron tunneling. Science 360, 1218–1222 (2018).

32. Kim, H. H. et al. One million percent tunnel magnetoresistance in a
magnetic van derWaals heterostructure.Nano Lett. 18, 4885–4890
(2018).

33. Song, T. et al. Giant tunneling magnetoresistance in spin-filter van
der Waals heterostructures. Science 360, 1214–1218 (2018).

34. Wang, Z. et al. Very large tunneling magnetoresistance in layered
magnetic semiconductor CrI3. Nat. Commun. 9, 2516 (2018).

35. Mak, K. F., Shan, J. & Ralph, D. C. Probing and controlling magnetic
states in 2D layered magnetic materials. Nat. Rev. Phys. 1, 646–661
(2019).

36. Tan, C. et al. Hard magnetic properties in nanoflake van der Waals
Fe3GeTe2. Nat. Commun. 9, 1554 (2018).

37. Coey, J. M. Magnetism and magnetic materials (Cambridge uni-
versity press, 2010).

38. Wang, Z. et al. Tunneling spin valves based on Fe3GeTe2/hBN/
Fe3GeTe2 van der Waals heterostructures. Nano Lett. 18,
4303–4308 (2018).

39. Ubrig, N. et al. Low-temperature monoclinic layer stacking in
atomically thin CrI3 crystals. 2D Mater. 7, 015007 (2019).

40. Li, T. et al. Pressure-controlled interlayer magnetism in atomically
thin CrI3. Nat. Mater. 18, 1303–1308 (2019).

41. Song, T. et al. Switching 2D magnetic states via pressure tuning of
layer stacking. Nat. Mater. 18, 1298–1302 (2019).

42. Kozlenko, D. et al. Spin-induced negative thermal expansion and
spin–phonon coupling in van derWaalsmaterial CrBr3.Npj Comput
Mater. 6, 1–5 (2021).

43. Claro, M. S. et al. Temperature and thickness dependence of the
thermal conductivity in 2D Ferromagnet Fe3GeTe2. ACS Appl.
Mater. Interfaces 15, 49538–49544 (2023).

44. Edelberg, D. et al. Tunable strain soliton networks confine electrons
in van der Waals materials. Nat. Phys. 16, 1097–1102 (2020).

45. Wang, Y. et al. Strain‐sensitive magnetization reversal of a van der
Waals magnet. Adv. Mater. 32, 2004533 (2020).

46. Cenker, J. et al. Reversible strain-inducedmagnetic phase transition
in a van der Waals magnet. Nat. Nanotechnol. 17, 256–261 (2022).

47. Šiškins, M. et al. Nanomechanical probing and strain tuning of the
Curie temperature in suspended Cr2Ge2Te6-based hetero-
structures. npj 2D Mater. Appl. 6, 41 (2022).

48. Merino, P. et al. Strain-driven moiré superstructures of epitaxial gra-
phene on transition metal surfaces. Acs Nano 5, 5627–5634 (2011).

49. Shen, T., Penumatcha, A. V. & Appenzeller, J. Strain engineering for
transitionmetal dichalcogenides based field effect transistors.ACS
nano 10, 4712–4718 (2016).

50. Dai, Z., Liu, L. & Zhang, Z. Strain engineering of 2Dmaterials: issues
and opportunities at the interface. Adv. Mater. 31, 1805417 (2019).

51. Zakaraya, M. G., Maisuradze, G. G. & Ulstrup, J. Theory of inhomo-
geneous environmental Gaussian broadening of resonance Raman
excitation profiles for polyatomic molecules in solution. J. Raman
Spectrosc. 20, 359–365 (1989).

Acknowledgements
The authors gratefully acknowledge Alexandre Ferreira for technical
support anduseful discussionswithFranciscoGuinea, ZheWang, Zhu-Xi
Luo, Jérémie Teyssier and Menghan Liao. A.F.M. gratefully acknowl-
edges the Swiss National Science Foundation (Division II, project
#200020_178891) and the EU Graphene Flagship project for support.
M.G. acknowledges support from the Italian Ministry for University and
Research through the PNRR project ECS_00000033_ECOSISTER and
the PRIN2022 project E53D23001700006. L.R. and I.A.G. acknowledge
the Swiss National Science Foundation (Starting grant TMSGI2_211296).
K.W. and T.T. acknowledge support from the JSPS KAKENHI (Grant
Numbers 21H05233 and 23H02052) the CREST (JPMJCR24A5), and
World Premier International Research Center Initiative (WPI),
MEXT, Japan.

Author contributions
F.Y. and A.F.M. conceived the project. F.Y. fabricated the devices and
performed the transport measurements, assisted by I.G.L; D.R., I.A.G.,
and L.R. performed the theoretical calculations; V.M. and F.Y. performed
optical measurements; T.T. and K.W. grew and provided the h-BN

Article https://doi.org/10.1038/s41467-024-54870-2

Nature Communications |        (2024) 15:10377 10

www.nature.com/naturecommunications


crystals. A.F.M. and I.G.L. supervised the research. F.Y., D.R., I.A.G., V.M.,
N.H., M.G., I.G.L., L.R., and A.F.M. analyzed the data and wrote the
manuscriptwith input fromall authors. All authors discussed the results.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-54870-2.

Correspondence and requests for materials should be addressed to
Fengrui Yao, Louk Rademaker or Alberto F. Morpurgo.

Peer review information Nature Communications thanks Weibo Gao,
Dahlia Klein and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-54870-2

Nature Communications |        (2024) 15:10377 11

https://doi.org/10.1038/s41467-024-54870-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Moiré magnetism in CrBr3 multilayers emerging from differential strain
	Results
	Detecting moiré magnetism with magnetotransport
	Magnetoconductance of twisted CrBr3 tunnel barriers
	Probing the structure of CrBr3 under the FGT contact
	Theoretical analysis of strain-induced moiré magnetism

	Discussion
	Methods
	Device fabrication and measurement
	Raman Measurements
	Theoretical calculations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




