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Programmable Magnetic Hysteresis in Orthogonally-Twisted
2D CrSBr Magnets via Stacking Engineering.

Carla Boix-Constant, Andrey Rybakov, Clara Miranda-Pérez, Gabriel Martínez-Carracedo,
Jaime Ferrer, Samuel Mañas-Valero,* and Eugenio Coronado*

Twisting 2D van der Waals magnets allows the formation and control of
different spin-textures, as skyrmions or magnetic domains. Beyond the
rotation angle, different spin reversal processes can be engineered by
increasing the number of magnetic layers forming the twisted van der Waals
heterostructure. Here, pristine monolayers and bilayers of the A-type
antiferromagnet CrSBr are considered as building blocks. By rotating 90
degrees these units, symmetric (monolayer/monolayer and bilayer/bilayer)
and asymmetric (monolayer/bilayer) heterostructures are fabricated. The
magneto-transport properties reveal the appearance of magnetic hysteresis,
which is highly dependent upon the magnitude and direction of the applied
magnetic field and is determined not only by the twist-angle but also by the
number of layers forming the stack. This high tunability allows switching
between volatile and non-volatile magnetic memory at zero-field and
controlling the appearance of abrupt magnetic reversal processes at either
negative or positive field values on demand. The phenomenology is
rationalized based on the different spin-switching processes occurring in the
layers, as supported by micromagnetic simulations. The results highlight the
combination between twist-angle and number of layers as key elements for
engineering spin-switching reversals in twisted magnets, of interest toward
the miniaturization of spintronic devices and realizing novel spin textures.

1. Introduction

Van der Waals (vdW) magnets are attracting increasing inter-
est among the 2D materials due to their emergent proper-
ties in the 2D limit and potential applications in areas such
spintronics, including magnetic memories and sensing, or
magnonics.[1] In particular, A-type antiferromagnets (like CrI3,
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CrSBr or CrPS4, among others) are formed
by ferromagnetic layers weakly coupled
antiferromagnetically.[2–4] The stacking of
two of these layers mimics the minimal
structure of a conventional spin-valve, be-
ing the vdW gap the spacer between the
ferromagnetic layers, where high/low re-
sistance values are reached depending on
the layers´antiparallel/parallel magnetiza-
tion configuration, which can be controlled
by applying an external magnetic field.[5–9]

Since vdW magnets can be exfoliated down
to the single layer limit, as commonly per-
formed in the field of 2D materials, the bi-
layer scenario represents the thinnest spin-
valve-like case.[5–7]

An attractive possibility offered by 2D
vdW materials is that of creating twisted
heterostructures. Beyond the pioneering
experiments on magic-angle twisted bi-
layer graphene –where superconductivity
emerges by a twist angle of 1.1°–, the
twistronics field has rapidly expanded to
investigate other 2D materials, provid-
ing a unique platform to develop moiré
physics with optical, electrical or magnetic
properties.[10,11] Still, the study of twisted
2D magnetic heterostructures is very

recent and has focused mainly in CrI3, a van der Waals mag-
net with an out-of-plane uniaxial spin anisotropy.[12–15] Indeed,
spin-anisotropy is a key ingredient in twisted 2D magnets which,
in some cases, can be even more relevant than the forma-
tion of moiré superlattices, as we have shown for the case of
orthogonally-twisted CrSBr ferromagnetic monolayers.[16] CrSBr
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is a magnetic semiconductor that has gained recent interest
due to the coupling between its electrical, optical and mag-
netic properties,[17–22] ordering at a relative high temperature
(ca. 140 K)[6,23] and with highly anisotropic magnetic proper-
ties, exhibiting an in-plane uniaxial spin anisotropy along the
b axis (easy-magnetic axis).[24] The twisted-CrSBr vdW spin
valves have provided the opportunity to study the emergent
properties arising from the competition between in-plane uni-
axial spin anisotropy, interlayer antiferromagnetic interactions
and the direction of the magnetic applied field. In this re-
gard, we observed a multiple spin switching with hysteresis
in the magneto-resistance (MR) measurements as a result of
the interplay between intra-layer spin reorientation and inter-
layer spin-flip processes when the field is applied along the
easy axis of one of the layers, highlighting the appearance of
non-volatile magnetic memory at zero-field triggered by the ap-
plication of the proper magnetization protocol.[16] In a sub-
sequent recent work, Parkin´s group has investigated the in-
fluence of the angle in twisted CrSBr layers by varying the
angle from 0° to 90°.[25] Interestingly, non-volatile giant tun-
nelling MR is observed at zero field for intermediate twist an-
gles (35°) in the all-antiferromagnetic bilayer/bilayer case, being
of potential interest for magnetic memories.[25] Recently, Healey
et al. have imaged orthogonally-twisted CrSBr heterostructures
(monolayer/monolayer, bilayer/bilayer and bilayer/trilayer) by
nitrogen-vacancy centers in diamond microscopy, observing the
formation and propagation of magnetic domains.[26] In paral-
lel, theoretical calculations on twisted magnetic heterostructures
have predicted the possibility of reaching multiferroics, control-
lable magnetic domains and even more complex topological spin
textures, as merons or skyrmion bubbles.[27–30]

Beyond the twist-angle, the number of stacked pristine and
twisted magnetic layers is as well highly-relevant for engineer-
ing the spin-switching reversal processes. In this work we ex-
ploit this concept by increasing the number of pristine CrSBr
layers, while fixing a twist-angle of 90 degrees. In particular, we
employ pristine monolayers and bilayers as building blocks for
fabricating orthogonally-twisted monolayer/monolayer, mono-
layer/bilayer and bilayer/bilayer CrSBr devices. By tracking their
MR properties, we show the high tunability of the magnetiza-
tion reversal in orthogonally-twisted heterostructures, that can
be controlled by selecting the number of layers of the vdW het-
erostructure and the direction and magnitude of the applied mag-
netic field, hence allowing the switching between volatile and
non-volatile memory at zero-field. Based on micromagnetic sim-
ulations, our experimental observations can be rationalized as a
competition between the spin-switching mechanism occurring
in the different layers (spin-flip and spin-reorientation) and the
applied external magnetic field. Overall, this high tunability paves
future directions for engineering the properties of atomically-
thin spin-valve devices based on vdW magnets by selecting not
only the twist-angle but, as well, the number of pristine and
twisted layers stacked in the magnetic vdW heterostructure.

2. Results and Discussion

Monolayers and bilayers of CrSBr are mechanically exfoliated
from their bulk counterpart under inert conditions and inte-
grated into vertical vdWs heterostructures for inspecting the

magneto-transport properties. A representative orthogonally-
twisted CrSBr vdWs heterostructure is shown in Figure 1a,b,
formed by a monolayer deposited on top of a bilayer of CrSBr with
their respective easy-magnetic axis forming an in-plane angle of
90°. This heterostructure is located between few-layers graphene
which are on top of pre-lithographed electrodes. The whole device
is encapsulated with h-BN (see Methods and Supporting Infor-
mation Section 1 for further details). Note that in this orthogonal
configuration, the application of a magnetic field along the easy-
axis of one building block implies that the field is oriented along
the intermediate-axis of the other one.

First, we summarize the magneto-transport properties of the
pristine monolayer and bilayer case (Figure 1c,d). As previously
reported,[5,6] the pristine monolayer device exhibits no resistance
dependence for fields pointing along the easy magnetic axis (b)
and a resistance enhancement for fields pointing along the in-
termediate magnetic axis (a), that saturates at ±1 T, as shown in
Figure 1c. On the contrary, in agreement with a spin-valve pic-
ture, the pristine bilayer (Figure 1d) exhibits a sharp resistance
drop at±0.2 T for fields along the b axis and a smoother reduction
for fields along the a axis, saturating at ±1 T. This magnetic be-
haviour corresponds to the different spin-switching mechanisms
occurring in CrSBr: a pure spin-flip of the layers for fields applied
along the easy-axis (b) and a combination of spin-reorientation
and spin-flip if the fields are applied along the intermediate (a)
or hard (c) magnetic axis.[5,6]

Next, we turn our attention to the orthogonally-twisted
cases, discussing the monolayer/monolayer (Figure 1e), mono-
layer/bilayer (Figure 1f) and bilayer/bilayer (Figure 1g) case at
2 K, where the field is applied along the easy/intermediate
magnetic axis of the bottom/top layer (𝜃 = 90° in the sketch
of Figure 1b). Overall, the three orthogonally-twisted cases ex-
hibit a similar behaviour at large applied fields (Figure S1,
Supporting Information), resembling the pristine bilayer one
(Figure 1d): a positive MR that decreases down to zero for fields
with modulus larger than 1T. The MR is defined as 100·[R(B) –
R(P)]/R(P), being R(P) the resistance when the magnetization
of all the layers is parallel (in our case, we consider the resis-
tance value at 3 T). In contrast, the field-dependences are ex-
tremely dissimilar at smaller fields (Figure 1e–g), where diverse
hysteretic behaviours are observed. For example, while sweep-
ing from negative to positive fields (red trace in Figure 1e–g),
the monolayer/monolayer exhibits a gradual trend, that is in
stark contrast with the monolayer/bilayer and bilayer/bilayer
cases, where sharp resistance jumps are observed. This indi-
cates that, in the monolayer/monolayer heterostructure, the MR
behaviour is dominated by a smooth spin-reorientation process
while, when a pristine bilayer is involved, the abrupt spin-flip
process dominates. All the heterostructures show hysteretic be-
haviour. This hysteresis can be better visualized by computing
the magnitude ΔX = X+B→−B −X−B→+B, where X stands for ei-
ther R or MR. Thus, non-zero ΔX values indicate hysteretic re-
sponse, as indicated by the yellow traces in Figure 1e–g. Note
that the appearance of an hysteretic response contrasts with
the pristine cases, where no significant hysteresis is observed,
as shown in Figure 1c,d.[5,6] The overall phenomenology is ro-
bust and consistent across the 11 orthogonally-twisted devices
studied in this work (see Methods and Supporting Information
Section 1).
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Figure 1. Magneto-resistance properties of orthogonally-twisted monolayer/monolayer, monolayer/bilayer and bilayer/bilayer CrSBr heterostructures.
a) Optical image of a device comprising a monolayer (grey line with one red arrow enclosed) and bilayer (dark grey line with two red arrows enclosed)
CrSBr, whose ab axes are orthogonal, placed in between few-layers graphene (blue lines). Different insulating h-BN layers (red dashed lines) are used
both to avoid shortcuts and to protect the heterostructure. The red arrows indicate the easy magnetic axis (b) of each CrSBr building block, being the
intermediate magnetic axis (a) perpendicular to it. The hard magnetic axis (c) corresponds to the out-of-plane direction. The electrical measurement
scheme is sketched, where I refers to current and V to voltage. Scale bar: 5 μm. b) Representation of an orthogonally-twisted monolayer/bilayer CrSBr
heterostructure (not to scale) deposited on top of pre-patterned gold electrodes. Few-layers graphene (blue layers) are enclosing the twisted CrSBr layers
(pink, yellow and cyan balls correspond to bromine, sulphur and chromium atoms, respectively). Inset: Schematic view of the bottom bilayer and top
monolayer. The red arrows represent the spin lying along the easy magnetic axis, assuming negligible interlayer magnetic interactions. c-d) Field depen-
dence of the resistance for the pristine monolayer (c) and pristine bilayer (d) for fields applied along the a (top panel) and b (bottom panel) axis.
e-g) R and MR field dependence and its increment (ΔX), defined as ΔX = X+B→−B −X−B→+B (X indicates either the R or the MR) for e) mono-
layer/monolayer, f) monolayer/bilayer and g) bilayer/bilayer orthogonally-twisted CrSBr heterostructures at T = 2 K for a field-angle of 𝜃 = 90°, as
sketched in b. Sweeping up (down) trace are denoted in red (blue). The MR is defined as 100·[R(B) – R(P)]/R(P), being R(P) the resistance when the
magnetization of all the layers is parallel (in our case, we consider the resistance value at 3 T).
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Figure 2. Volatility switching in orthogonally-twisted CrSBr. First order reversal curves (FORCs) for orthogonally-twisted a) monolayer/monolayer,
b) monolayer/bilayer and c) bilayer/bilayer CrSBr heterostructures considering the field sequence −0.4 T→Bmax →−0.4 T. Bmax is incremented sequen-
tially in steps of 20 mT. Selected curves are shown in the panels. Sweeping up (down) trace is denoted in red (blue). The full dataset is shown in the
Supporting Information Section 2 and Videos S1-S3.

An interesting observation refers to the tunability of the spin
switching achieved in these heterostructures. In the pristine bi-
layer, when B is oriented along the b axis, the field-dependent
MR curves are symmetrical and show a high-resistance plateau
around zero-field followed by a sudden drop at ±0.2 T (see
Figure 1d). These field values correspond to the Zeeman en-
ergy required for performing the spin-flip. In contrast, in
the orthogonally-twisted monolayer/bilayer (Figure 1f) and bi-
layer/bilayer (Figure 1g) heterostructures, the resistance drops
are placed asymmetrically with respect to the sign of B. In-
deed, the monolayer/bilayer heterostructure shows an extreme
behaviour where the full resistance plateau and drops appear
shifted toward positive magnetic fields when sweeping up B (red
trace in Figure 1f). In particular, these drops occur at +0.01 T
and +0.22 T. The behaviour is reversed when B is swept down
(blue trace in Figure 1f). The asymmetry is less pronounced in
the bilayer/bilayer heterostructure since the resistance drops oc-
cur at a negative field of −0.06 T and at a positive field of +0.17
T for the field-increasing trace (see red curve in Figure 1g), with
a fully reversed behaviour for the retrace path (see blue curve in
Figure 1g).

The zero-field resistance value is the same while sweep-
ing up and down the magnetic field for the three types of

orthogonally-twisted heterostructures studied here, as can be
seen in Figure 1e–g, thus displaying volatile memory behaviour.
To further investigate the irreversibility processes underlying
the spin switching mechanism that occur on these heterostruc-
tures, we perform first order reversal curves (Figure 2).[31,32]

We saturate the magnetization at negative fields (−3 T), de-
crease B to −0.4 T and, then, execute the magnetic sequence
−0.4 T→Bmax →−0.4 T, where Bmax is increased in 20 mT steps
from -0.4T to +0.4T (see Videos S1–S3, Supporting Information).
Selected Bmax values are shown in Figure 2 while the full dataset
is presented in the Supporting Information Section 2. For the
monolayer/monolayer heterostructure, the resistance exhibits a
positive slope with no hysteresis for Bmax < 0.08 T, as indicated in
Figure 2a. Above this threshold, the trace (red curve in Figure 2a)
and retrace (blue curve in Figure 2b) differ around zero field,
thus marking the appearance of hysteresis (non-zeroΔR values at
zero-field) and, therefore, a non-volatile memory effect. For Bmax
> 0.58 T, the curves are symmetric as shown in Figure 1e. A strik-
ing difference is observed in the monolayer/bilayer (Figure 2b)
and bilayer/bilayer (Figure 2c) case if compared with the mono-
layer/monolayer (Figure 2a) scenario since the hysteretic ef-
fects start appearing at negative values of Bmax. Of special in-
terest is the phenomenology observed in the monolayer/bilayer
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heterostructure for Bmax values between 20 mT and 220
mT, where a hysteresis effect appears even at zero-field.
The bilayer/bilayer heterostructure shows no hysteresis at
zero field for any Bmax value. Applying the reverse sequence
(saturating first the magnetization a +3 T and, then, con-
sidering +0.4 T→Bmax →+0.4 T, where Bmax is increased in
20 mT steps from +0.4 T to −0.4 T) delivers a mirror im-
age with respect the R/MR axis (see Videos S1–S3; Sec-
tion 2, Supporting Information). Overall, the combination
of applied magnetic field and number of layers forming
the orthogonally-twisted heterostructure allows for a selective
switch between non-hysteretic and hysteretic states at zero-
field, thus triggering between volatile and non-volatile memory
behaviours.

The magnetization switching mechanism of the orthogonally-
twisted layers is governed by the competition between two spin
switching mechanisms: spin-flip versus spin reorientation. This
competition renders a strong dependence on the spin-anisotropy
and, therefore, on the relative orientation between the mag-
netic field direction and the easy-magnetic axis of each of the
two orthogonally-twisted buildings blocks involved. As a result,
the hysteresis curves exhibit a wide variety of switching fields
depending on the direction of the applied field, as shown in
Figure 3a–c for selected angles (the complete angular depen-
dence is shown in the Supporting Information Section 1 and 2).
The monolayer/monolayer and bilayer/bilayer heterostructures,
shown in Figure 3a,c, respectively, represent symmetric situa-
tions with respect to the orientation of the magnetic field. Thus,
both 𝜃 = 0° and 𝜃 = 90° orientations should be equivalent since
the magnetic field is applied along the easy magnetic axis of one
building block and along the intermediate-magnetic axis of the
other one. However, even though the general trends are similar
at 𝜃 = 0° and 𝜃 = 90°, we note that the experimental curves are
not identical. The differences can be attributed to either slight
field misalignments, to fabrication imperfections in the twist an-
gle or to different strains in the layers. Indeed, strain can mod-
ulate the interlayer magnetic exchange[33] or act as a source of
magnetic domain nucleation, as recently pointed by squid-on-
a-tip and diamond magnetometry.[26,34] A more intriguing con-
figuration is offered by the monolayer/bilayer heterostructure
(Figure 3b), where a clear asymmetric configuration with respect
to the orientation of the external field at 𝜃 = 0° and 𝜃 = 90° is
observed. The full angular dependence of the three heterostruc-
tures is summarized in the ΔMR plots in Figure 3d–f, highlight-
ing how the magnetization switching is extremely-dependent on
the field direction. Indeed, the switching field values and hys-
teresis (ΔMR) can be tuned in the range ±0.5 T by simply se-
lecting the number of layers in each building block together with
the orientation and strength of the applied field (Figure 3e,f). We
note that this angular dependence is robust, as evidenced by the
reproducibility of the trends throughout multiple devices (Sup-
porting Information Section 1.1). The high sensitivity of the MR
on the field direction could be potentially employed for sensing
not only the magnitude but also the direction of the magnetic
field.

Finally, we analyse both the field and temperature dependence
of the three types of heterostructures while sweeping the field
from negative/positive to positive/negative values (left/middle
panel in Figure 4). We observe that the temperature dependence

is similar to the pristine CrSBr case for the three types,[5] apart
from the emergence of hysteresis, shown in the right panel in
Figure 4. The hysteretic behaviour is highly dependent on the
number of layers and on the orientation of the applied field di-
rection, as discussed above. The MR response is negligible above
200 K, then develops below 200 K as a consequence of the onset of
short-range correlations, however showing no hysteresis.[5,35,36]

The hysteretic effects appears at Tc ∼ 150 K, and increase upon
further cooling down. Temperature and field dependence at dif-
ferent applied field directions are shown in the Supporting Infor-
mation Section 1.3., being the main differences between them
related to the hysteresis switching fields, as discussed above, but
not in the thermal behaviour.

For unravelling the relevant spin-switching mechanisms tak-
ing place on the three types of orthogonally-twisted heterostruc-
tures, we have performed micromagnetic simulations.[37,38] First,
we have simulated the pristine CrSBr bilayer subject to an exter-
nal magnetic field oriented along its easy axis. We have found that
a careful parametrisation of the effective easy-axis anisotropy K =
Kb – Ka with respect to the interlayer exchange coupling (J) is re-
quired to obtain robust results. For small anisotropy, defined by
the ratio K/J, the main spin-switching mechanisms are spin-flop
processes. However, the spin-flop behaviour is suppressed above
a K/J threshold so that only an intermediate antiferromagnetic
phase appears, where the relevant spin-switching mechanisms
are spin-flip processes (see Figure S19a,b, Supporting Informa-
tion). We find that the magnetic behaviour of CrSBr corresponds
to this second scenario.[5]

We have simulated next the orthogonally-twisted heterostruc-
tures. In analogy with the experimental devices, the simulation
consists of two partially overlapping square blocks that lay one on
top of the other, that are rotated by 90°, as illustrated in Figure 5a.
Each block contains either a monolayer or a bilayer with the easy
magnetic axis of the top and bottom blocks lying along the y and
x directions, respectively. An example of the magnetic axes dispo-
sition relative to the xyz coordinates is shown in Figure 5b for the
monolayer/bilayer heterostructure, where the monolayer block is
located on top of the bilayer block. We define for each of the pos-
sible layers an in-plane angle 𝜑i between the direction of its mag-
netization and the x axis. We note that the distribution of angles
𝜑i across the device can be linked with the MR signal.[39] Con-
sidering the orthogonally-twisted heterostructures, we denote by
𝛼 or 𝛽 the angle subtended by the total magnetization when-
ever two layers are untwisted or twisted, respectively. Then, in
the monolayer/monolayer heterostructure, we define 𝛽 for the
orthogonally-twisted heterostructure. For the monolayer/bilayer
heterostructure, shown in Figure 5b, we define an angle 𝛼 be-
tween the two layers in the bilayer block, and an angle 𝛽 between
the upper layer in the bilayer block and the monolayer layer. For
the bilayer/bilayer heterostructures, we define the angles 𝛼 and
𝛼´for the two layers at the bottom and top bilayer blocks, and
the angle 𝛽 for the two middle layers, that each belong to a dif-
ferent block, as shown in Figure S23 (Supporting Information).
Thus, the spin-flip process in the untwisted bilayer corresponds
to a switch from 𝛼 = 180° (antiparallel magnetization of the lay-
ers) to 𝛼 = 0° (field-induced ferromagnetic-like state with parallel
magnetization of the layers). We show in the Videos S4–S7 (Sup-
porting Information) simulations of dynamics of the pristine bi-
layer as well as the orthogonally-twisted monolayer/monolayer,
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Figure 3. Magnetic switching in orthogonally-twisted CrSBr triggered by the field direction. a-c) Magnetic switching at selected angles and d-e) 2D ΔMR
plots for orthogonally-twisted a,d) monolayer/monolayer, b,e) monolayer/bilayer and c,f) bilayer/bilayer CrSBr. Sweeping up (down) trace is denoted in
red (blue). The full dataset is shown in the Supporting Information Section 1.1.

monolayer/bilayer and bilayer/bilayer heterostructures while
sweeping the external magnetic field modulus and direction
(𝜃 = 0°, 30°, 60° and 90°; further angles are complementary
due to symmetry). Note that the monolayer/monolayer and bi-
layer/bilayer heterostructures possess C4 symmetry around the
z axis, thus a 𝜋/2 periodicity under the rotation of an in-plane
magnetic field. In contrast, the monolayer/bilayer heterostruc-

tures exhibit C2 symmetry, thus a 𝜋 periodicity, that agrees well
with our experiments (see Figure 3d–f and Supporting Informa-
tion Section 1.1). As an illustration, we show in Figure 5c dif-
ferent snapshots of the dynamics of the monolayer/bilayer het-
erostructure while sweeping the magnetic field along the x di-
rection. The arrows indicate the local direction of the magnetiza-
tion for the different layers while the colours indicate the angle 𝜑i

Adv. Mater. 2025, 2415774 2415774 (6 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Temperature dependence of the magneto-transport response in orthogonally-twisted CrSBr for 𝜃 = 90°. Resistance dependence while sweep-
ing the field from negative to positive (left panel), from positive to negative (middle panel) as well as its difference ΔR (right panel) for a) mono-
layer/monolayer, b) monolayer/bilayer and c) bilayer/bilayer orthogonally-twisted CrSBr heterostructures. Different in-plane angular fields (𝜃) are shown
in the Supporting Information Section 1.
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Figure 5. Micromagnetic simulations of orthogonally-twisted CrSBr. a) Schematic top view of the simulated twisted devices where two square blocks
of layers are placed one on top of the other, rotated by 90°. The top block has its easy axis (b) lying in the y-direction and is drawn in blue colour; the
bottom block has its easy axis lying in the x-direction; the overlap area between the top block is indicated by the darker square at the center. b) Example of
the magnetic axes disposition with respect the xyz coordinates used in the simulations for the monolayer/bilayer case c,d) Snapshots of micromagnetic
simulations for the monolayer/bilayer device (Video S6, Supporting Information) with the magnetic field applied along the direction of the c) bilayer’s
easy axis (x) and d) monolayer’s easy axis (y). e) Angle 𝛼 between the magnetization direction of the two layers of the pristine bilayer part under the
sweep of magnetic field oriented along the easy axis of bilayer. f) Angle 𝛽 between the two monolayers rotated by 90° under the sweep of the magnetic
field oriented along the easy axis of one of the monolayers (for the monolayer/monolayer device) and along the easy axis of the monolayer for the
monolayer/bilayer device. In e,f), the magnetic field sweep from left to the right is a mirror image of the magnetic field sweep from right to the left and
is plotted for illustrative purposes.

Adv. Mater. 2025, 2415774 2415774 (8 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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measured from the x axis for each layer. Based on the simulations
for the different heterostructures, two main spin switching mech-
anisms can be clearly identified: a gradual spin-reorientation for
fields pointing along the intermediate magnetic axis (see, as an
example, the top layer in Figure 5c) and a sudden spin-flip rever-
sal for fields pointing along the easy-magnetic axis (middle and
bottom layer in Figure 5c). The interplay between the two mech-
anism leads to the formation of a canted region in the overlap
area, which forms a magnetic domain, denoted with a different
colour tone in Figure 5c.

We plot in Figure 5e,f the 𝛼 and 𝛽 angles obtained for each
heterostructure in our simulations as a function of the exter-
nal magnetic field. These plots follow well the overall trends ob-
served experimentally. Two main features can be highlighted in
the simulated spin switching process: sharp steps originated by
spin-flip processes, as well as smoother evolutions due to grad-
ual spin-reorientation processes. Overall, our simulations sup-
port the notion that control of the switching fields of the het-
erostructure can be achieved by changing the number of layers
in each block even for a fixed twist-angle. We find that varying
this number produces an effect similar to that of increasing the
K/J ratio in the simpler bilayer heterostructure. Therefore, the ad-
dition of an extra orthogonally-twisted layer is proposed here to
be an alternative to tuning the interlayer exchange in the bilayer
itself.

In short, the phenomenology exhibited by the orthogonally-
twisted heterostructures is rationalized based on the different
spin-switching mechanisms of CrSBr, that is, spin-flip and spin-
reorientation of the layers’ magnetization for fields along the
easy and intermediate magnetic axis, respectively. Whereas the
spin-reorientation is a continuous process, the spin-flip triggers
an abrupt change of the magnetic configuration. Therefore,
while sweeping from negative to positive values (red trace in
Figure 3), the twisted monolayer/monolayer heterostructure
is characterized by a resistance maximum at positive field
values originated by a spin-flip process, and by no-switching
at negative field values. In contrast, in the bilayer/bilayer het-
erostructure, a first enhancement of the resistance is observed at
negative values, followed by a sharp decrease at positive values,
as expected for the spin-flip of the pristine bilayer. Regarding
the monolayer/bilayer case (Figure 3b), at 𝜃 = 0° the field is
applied along the easy magnetic axis of the monolayer and,
consequently, the spin-flip of the monolayer yields to a switch
only at positive values while sweeping from negative to positive
fields (red trace in Figure 3b). On the other hand, at 𝜃 = 90°,
the field is aligned along the easy-magnetic axis of the pristine
bilayer, being the spin-flip of the bilayer the most relevant
spin-switching mechanism, which turns out to sharp resistance
changes both at negative and positive fields. At intermediate
angles, where the field is not aligned to any easy-magnetic axis,
the interpretation of the spin-switching mechanism is more
complex, since it depends on a delicate interplay between the
spin-flip and spin-reorientation of the layers with respect to the
applied magnetic field (Zeeman energy), being the formation
of spatial magnetic inhomogeneities —as magnetic domains—
more likely, in line with the experimental observation of mul-
tistep transitions (Figure 2) and micromagnetic simulations
(Figure 5; Videos S4–S7, Supporting Information). A sim-
plified model based on the spin-flip and spin-reorientation

processes is illustrated in the Supporting Information
Section 4.

3. Conclusion

In conclusion, we have shown the high tunability of the magne-
tization switching in symmetric (monolayer/monolayer and bi-
layer/bilayer) and asymmetric (monolayer/bilayer) orthogonally-
twisted CrSBr van der Waals heterostructures by magneto-
transport measurements. On the one hand, a wide variety of
switching fields depending on the number and stacking ge-
ometry of the layers and the direction of the applied field,
can be obtained. On the other hand, a switch between volatile
and non-volatile magnetic memory at zero-field is triggered by
the proper application of an external magnetic field (magni-
tude and direction) in the monolayer/monolayer and mono-
layer/bilayer orthogonally-twisted heterostructures. On the con-
trary, volatile states are always observed for the orthogonally-
twisted bilayer/bilayer heterostructure. This is a consequence
of the intrinsic spin anisotropy of this van der Waals magnet,
which yields to a competition between the spin-flip and spin-
reorientation processes occurring in the different layers, as sup-
ported by micromagnetic simulations. Overall, our results pin-
point the role of engineering the stacking of pristine flakes with
different number of layers —which, in our case, is exemplified
by considering the pristine monolayer and bilayer case as build-
ing blocks— as a versatile strategy for achieving highly tune-
able twisted 2D magnets, thus highlighting the number of mag-
netic layers as a new degree of freedom when combined with the
twist-angle, with potential relevance toward the miniaturization
of magnetic sensors and spintronic memory devices based on
twisted vdW magnets.

4. Experimental Section
Van Der Waals Heterostructure Fabrication: Bulk CrSBr is grown by

solid-state reactions, following the growth and characterization procedure
as reported in our previous reference.[5] Monolayers and bilayers of CrSBr,
together with few-layers graphene and h-BN, are mechanically exfoliated
from their bulk counterpart. The number of layers and crystallographic axis
of CrSBr is determined based on their optical contrast, as previously cali-
brated in the reference.[5] Selected flakes are assembled deterministically
employing polycarbonate and a micromanipulator and placed on top of
pre-lithographed electrodes (5 nm Ti/50 nm Au on 300 nm SiO2/Si). All
this process is performed under inert atmosphere conditions to avoid any
possible degradation under ambient conditions.

A total of 11 devices are considered in this work (denoted as MM, MB
and BB, which corresponds to monolayer/monolayer, monolayer/bilayer
and bilayer/bilayer, respectively). Although the exact details vary from de-
vice to device, probably due to slight field misalignments or fabrication
imperfections in the twist angle or strain of the layers, the overall phe-
nomenology is robust and consistent among devices. Details are given in
the Supporting Information Section 1. Pristine monolayer and bilayer de-
vices shown in Figure 1.c,d correspond to the devices A5 and B6 of our
previous work,[5] respectively.

Magneto-Transport Measurements: Electrical transport measurements
are performed in a Quantum Design PPMS-9 cryostat with a four-probe
geometry (MFLI from Zurich Instruments) using an external resistance
of 1 or 10 MΩ, that is, a resistance much larger than that of the sam-
ple and a current bias within 1–10 μA.[40,41] Field sweeps are performed
at 200 Oe s−1, rotation sweeps at 3° s−1 and temperature sweeps at
1 K min−1, unless otherwise explicitly specified.

Adv. Mater. 2025, 2415774 2415774 (9 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Micromagnetic Simulations: DFT calculations were performed
with the aid of the SIESTA package,[42] by employing the Generalized
Gradient Approximation (GGA) within the Perdew-Burke-Ernzerhof
(PBE) scheme[43] for the exchange-correlation functionals. The pseudo-
atomic-orbitals (PAOs) basis comprised a double-𝜁 polarized set. A
10 × 10 × 1 Monkhorst-Pack (MP) k-point grid and a mesh cutoff
of 1000 Ry for real-space were used for an adequate convergency.
In addition, dispersion correction was considered for improving the
DFT description of the van der Waals systems,[44] yielding to a better
description of the calculated interlayer distance (from 8.85 to 8.17
Å for the pristine bilayer) if compared with the experimental one
(7.93 Å).[35] Nonetheless, note the small effect in the interlayer exchange
value (less than 1%), being the interlayer exchange values still in the
order of few μeVs (within the margin of error of the method employed).
For computing the lattice structure parameters, consider U = J = 0
since it is common for GGA calculations to yield lattice parameters
larger than the experimental values (Table S3, Supporting Information),
yielding U = J = 0 the most realistic result, as already employed.[45]

A Hubbard U = 3 and J = 1 eV parameters were added to the Cr 3d
orbitals as a correction to the pseudo potentials in the frame of LDA+U
scheme.[46] The DFT Hamiltonian was used to parametrize the effective
atomistic spin Hamiltonian as discussed in Reference.[47] Simulations
of the magnetization dynamics were performed with mumax3.[37,38]

Further details are developed in the Supporting Information
Section 3.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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