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Spin texture and tunneling magnetoresistance in atomically thin CrSBr
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The exploration of spin configurations and magnetoresistance in van der Waals magnetic semiconductors,
particularly in the realm of thin-layer structures, is of paramount significance for the development of two-
dimensional spintronic nanodevices. In this Letter, we present detailed magnetotransport and photoluminescence
studies on few-layer CrSBr flakes utilizing a vertical tunneling device configuration. Our investigations revealed
complex magnetic states along the evolutionary path of few-layer CrSBr. We observed intermediate states
exhibiting identical net magnetization demonstrate rectification properties, reminiscent of a diodelike behavior at
positive and negative bias voltages. Notably, in devices with five-layer CrSBr, we detected an intriguing positive
magnetoresistive state when subjected to an in-plane magnetic field along the b axis. The implementation of
the Mott two-current model successfully calculated the tunneling resistance of different magnetic states, thereby
elucidating the spin configurations responsible for the observed transport phenomena. These insights not only
provide different perspectives on the intricate spin textures of two-dimensional CrSBr, but also highlight the
efficacy of tunneling measurements as a sensitive method for probing magnetic order in van der Waals materials.
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Introduction. Magnetic semiconductors play a crucial role
in the field of condensed matter physics and materials sci-
ence owing to their unique combination of semiconducting
and magnetic properties [1–4]. This amalgamation presents
promising opportunities for advances in spintronics, magnetic
storage, and quantum computing [5–8]. The ability to ma-
nipulate both electrical current flow and magnetic moment
orientation within a single material has great potential to im-
prove the efficiency and versatility of electronic devices, with
potential applications in energy-efficient electronics [9–12].
However, the controlled and stable realization of the desired
combination of semiconducting and magnetic properties in
materials remains a formidable challenge.

The recently discovered van der Waals (vdW) material
CrSBr has garnered significant attention as a highly promising
candidate due to its distinctive direct band-gap semiconductor
characteristics and layered A-type antiferromagnetic (AFM)
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order [13]. Notably, CrSBr exhibits a pronounced spin-charge
interaction, where its band structure exhibits a strong depen-
dence on its magnetic order through interlayer interactions
[14]. Consequently, obtaining a comprehensive understanding
of the evolution of spin texture in atomically thin CrSBr
under external magnetic fields is of utmost importance for
understanding the spin-charge interaction in a d-band host-
ing magnetic semiconductor, as well as for designing vdW
AFM-based spintronic devices. Experimental investigations
have demonstrated that below the Néel temperature of 132 K,
CrSBr adopts an A-type AFM state [13]. Further studies have
unveiled an intermediate ferromagnetic (iFM) state above the
Néel temperature, characterized by intralayer ferromagnetic
(FM) order and random interlayer magnetic order along the
c axis, with the critical temperature for intralayer magnetiza-
tion (T intra

C ) decreasing from ∼160 K in bulk to ∼146 K in
monolayers [15,16]. Moreover, zero-field muon spin rotation
(ZF-µSR) studies have indicated a deceleration of magnetic
fluctuations below ∼100 K, with a spin-freezing process
occurring around 40 K [17]. Electrical transport and specific-
heat measurements have identified two additional magnetic
phase transitions at higher temperatures (156 and 185 K)
[18], underscoring the intricate magnetic nature of CrSBr.
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FIG. 1. Device structure and basic characterizations. (a) Top view of the atomic structure of CrSBr. (b) Side view of the CrSBr atomic
structure with arrows indicating the spin orientation of each Cr atom, revealing an A-type AFM ground state. (c),(d) Schematic and optical
image of the device. (e) Tunneling resistance of a four-layer CrSBr device from 300 to 2 K at a bias voltage of 10 mV. The dashed lines in the
figure mark the two inflection points at 40 and 128 K. The inset shows the I-V curve of the device at 2 K. (f) Tunneling resistance of the device
with an in-plane magnetic field. The angles of the magnetic field corresponding to the a and b axes are labeled in the figure. The bias voltage
is 80 mV and the magnitude of the magnetic field is 1 kG.

Previous studies have reported layer-by-layer spin flips and
overall spin-flop processes in few-layer CrSBr under an exter-
nal magnetic field along the b axis [14,19,20]. However, the
detailed mechanisms of each magnetic phase transition still
remain unclear based on the present experimental data.

Within the domain of vdW magnetic materials, espe-
cially AFM semiconductors or insulators, the absence of a
discernible magnetic moment renders tunneling magnetore-
sistance an exceptionally effective and sensitive method for
characterizing their magnetic properties [21,22]. The tunnel-
ing probability is found to be exponentially related to both
the tunneling height and width. It has been demonstrated that
even slight changes in these factors can lead to significant
modifications in tunneling probability [23,24]. Consequently,
variations in the band structure and changes in material thick-
ness, which occur during magnetic phase transitions, can
significantly influence the tunneling probability, thereby af-
fecting the tunneling resistance [2,12,19]. Furthermore, the
tunneling process is capable of distinguishing a broader range
of magnetic states and providing more detailed insights into
their characteristics, such as their spatial symmetry, since the
tunneling barrier is influenced by both the bias voltage and the
magnetic structure in real space [25]. Given that the tunneling
current is obtained by integrating the tunneling probability
within the energy range that spans the Fermi levels of two
contacts, thermal excitation has minimal impact on it [26].

This study explores the spin configurations and evolu-
tion of few-layer CrSBr under external magnetic fields using
vertical tunneling devices. When subjected to an in-plane
magnetic field along the b axis, CrSBr predominantly adopts
collinear magnetic states, with a distinct spin-flip evolu-
tion observed during the field sweep. The combination of
photoluminescence (PL) spectroscopy and tunneling magne-
toresistance measurements unveils a layer-resolved magnetic
evolution path and magnetic states with identical net mag-
netization but different tunneling resistance. Remarkably, in
five-layer CrSBr devices, a positive magnetoresistive state
emerges when an in-plane field is applied along the b axis.
A two-channel spin current model is developed to calculate
the tunneling current and interpret the experimental results. In
summary, the present findings offer original insights into the
intricate spin structure of CrSBr and underscore the sensitivity
of tunneling measurements as a potent technique for probing
magnetic order in vdW materials.

Results and discussion. Single crystals of CrSBr are synthe-
sized using the chemical vapor transport (CVT) technique and
subsequently exfoliated into few-layer flakes using the con-
ventional Scotch-tape method (see Sec. III). CrSBr possesses
an orthorhombic lattice with cell dimensions of a = 3.50 Å,
b = 4.76 Å, and c = 7.96 Å [16], where each CrSBr layer
is stacked along the c axis [Figs. 1(a) and 1(b)]. Notably,
CrSBr exhibits intralayer ferromagnetism along the b axis,
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while interlayer A-type AFM coupling occurs along the c
axis [Fig. 1(b)]. To investigate the magnetic transitions of
CrSBr, we fabricated vertical tunneling devices based on
few-layer CrSBr flakes [Fig. 1(c)]. Cross-structured few-layer
graphite stripes are employed to establish contact with the
CrSBr tunneling layer, and the entire device is encapsulated
by hexagonal boron nitride (h-BN; see Sec. III). The intention-
ally narrow width of the graphite layer aims to minimize the
area of the tunneling junction, thereby reducing the impact of
multidomain effects in the junction area [19,24] (for detailed
confirmation of the domain size, see the Supplemental Mate-
rial, Fig. S1 [27]). The number of CrSBr layers is determined
through atomic force microscope measurements (Supplemen-
tal Material, Fig. S2 [27]).

Initially, the resistance of the devices was measured over a
temperature range of 300 to 2 K. Due to the semiconducting
nature of CrSBr, the devices exhibited a resistance in the range
of a few-thousand ohms at room temperature [Fig. 1(e)]. How-
ever, contrary to expectations based on typical semiconductor
behavior, the device resistance did not show an exponential
increase as the temperature decreased. Instead, a minor kink
was observed at the Néel temperature (∼128 K), indicating
the emergence of AFM magnetic order [15,16,31]. Notably,
the device resistance displayed a significant increase as the
temperature decreased below 40 K, suggesting the dominance
of the tunneling process [inset of Fig. 1(e)]. This behavior
may be associated with the spin-freezing process below 40 K
[17]. Due to the strong in-plane anisotropy of CrSBr, the
tunneling resistance exhibited precise a 180

◦
periodic sym-

metry when a small external magnetic field was applied and
rotated in the ab plane [Fig. 1(f)], providing a means to
determine the orientation of the a and b axes (as confirmed
by polarized Raman spectra in the Supplemental Material,
Fig. S2(d) [27]).

Following the determination of the a and b axes, the tun-
neling resistance was measured by sweeping a magnetic field
along the a or b axis at a fixed bias voltage to investigate the
magnetic behavior of the few-layer CrSBr. The magnetoresis-
tance (MR) was calculated using the formula

MR = R(B) − R(B = 0)

R(B = 0)
× 100%. (1)

When a magnetic field was applied along the a axis, the
four- and five-layer CrSBr devices exhibited consistent be-
havior. Specifically, the tunneling resistance decreases with
increasing magnetic field and eventually saturates, indicating
a negative MR [Figs. 2(a) and 2(c)]. This observation aligns
with the magnetic ground state of CrSBr, which is magnetized
along the b axis and features interlayer A-type AFM coupling.
In the presence of an applied magnetic field, the magnetization
of the layers gradually tilts towards the a axis and eventually
becomes fully magnetized along the a axis [14]. In the FM
state, the spin-up or spin-down electrons encounter lower tun-
neling barriers due to the uniform direction of magnetization
in all CrSBr layers, resulting in significantly lower tunneling
resistance than in the AFM state.

Nevertheless, when a magnetic field is applied along the b
axis, the four- and five-layer devices display distinct transport
properties, with each device undergoing a multistep spin-flip
process. These transitions are accompanied by sharp changes

in tunneling resistance [Figs. 2(b) and 2(d)]. In the case of
the four-layer CrSBr device, the material undergoes a tran-
sition from an A-type AFM state (high-resistance state) to
an FM state (low-resistance state), resulting in a negative
MR. Between the AFM and FM states, the tunneling resis-
tance assumes an intermediate value, manifesting substantial
hysteresis. Namely, under identical bias voltage and mag-
netic field conditions, the tunneling resistance of the device
manifests two discrete resistance values during the ascending-
field and descending-field sweeps. Similarly, the tunneling
resistance displays two different values, i.e., low (high) and
high (low), under negative and positive magnetic fields in
this intermediate state, respectively, during the ascending-field
(descending-field) sweep [Fig. 2(b)]. This behavior suggests
the presence of two different intermediate magnetic states.

In the case of the five-layer device, a total of five distinct
tunneling magnetoresistive states are observed during the evo-
lution under a magnetic field along the b axis. Taking the
ascending-field sweep as an illustrative example, the device
transitions from the low-resistance state of the FM phase
(FM1) to a spin-flip intermediate resistive state (state 1), and
then to the high-resistance state of the AFM phase (AFM1)
during the field’s ascent. As the positive magnetic field in-
creases, the device enters another magnetic state (state 2)
with even higher resistance than the AFM state, exhibiting
a positive MR of up to 50%. Subsequently, it undergoes an-
other spin-flip intermediate resistance state (state 3) to reach
the FM low-resistance state (FM2) polarized along the pos-
itive magnetic field. It should be noted that the states in
the descending-field process are time-reversal states in the
ascending-field process [Fig. 2(d)].

To further substantiate the evolution of the magnetic states,
we conducted measurements of the I-V curves while sweep-
ing the magnetic field [Figs. 3(a) and 3(b)]. Of note, certain
specific magnetic configurations exhibit distinct rectifica-
tion properties. For instance, in the descending magnetic
field sweep of the four-layer CrSBr device, two intermediate
states display contrasting diode-like rectification characteris-
tics, namely, state 1′ (2′) demonstrating smaller MR under
positive (negative) bias voltages [Fig. 3(c)]. Similarly, in the
five-layer CrSBr device, states 1′ and 2′ exhibit different tun-
neling MR under positive and negative bias voltages, while
state 3′ demonstrates nearly identical MR [Fig. 3(d)]. These
findings suggest that in the five-layer CrSBr devices, the
magnetic configurations of states 1′ and 2′ exhibit broken
symmetry in real space, whereas the magnetic configuration
of state 3′ is spatially inversion symmetric. Importantly, this
rectification behavior is determined by the spin configurations
governed by the magnetization history, rather than being influ-
enced by the voltage sweep history (Supplemental Material,
Fig. S3 [27]). Additionally, certain asymmetric resistances
under positive and negative bias voltages observed in the four-
and five-layer CrSBr devices remain constant regardless of the
magnetization history, potentially due to device asymmetry or
discrepancies between the two graphite electrodes.

Notably, in the four-layer CrSBr device, four distinct
intermediate-state tunneling MR values can be observed under
positive and negative voltages [Fig. 3(c)], indicating that states
1′ and 2′ are not entirely equivalent under opposite bias polari-
ties. These findings further suggest that these two intermediate
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FIG. 2. Layer-dependent tunneling MR with magnetic field sweeping along the a and b axes. (a) Tunneling resistance of a four-layer CrSBr
device with external magnetic field sweeping back and forth along the a axis at 2 K and 70 mV bias voltage. (b) Tunneling resistance of the
four-layer CrSBr with the external magnetic field sweeping along the b axis at 60 mV bias voltage. Two intermediate states with different
resistance values are observed. (c) Tunneling resistance of a five-layer CrSBr with the external magnetic field sweeping along the a axis at
100 mV basis voltage. (d) Tunneling resistance of the five-layer CrSBr with the external magnetic field sweeping along the b axis at 100 mV
bias voltage. A positive magnetoresistive state with an MR of 50% is observed. The spin configuration of each state is marked in the graphs.

states possess different spatial symmetries, implying a diver-
gent magnetic evolution pathway in our sample compared to
the four-layer CrSBr depicted in previous PL results [14].
Therefore, we conducted PL spectroscopy on the same four-
layer sample previously examined for tunneling resistance to
elucidate the layer-specific magnetic reversal pathways. Apart
from the FM and AFM state spectra, we noted two distinct PL
outcomes for state 1 (1′) and state 2 (2′) [Fig. 4(a)], indicating
that state 1 and state 2 are not mirror symmetric to each other.
That is to say, states 1 (1′) and 2 (2′) exhibit different numbers
of interlayer AFM- and FM-coupled interfaces, resulting in
distinct PL spectra. Similar phenomena were also previously
observed in the PL spectra of the three-layer CrSBr [32]. Fur-
thermore, the PL spectrum of state 1 (1′) bears a resemblance
to those of the FM states, while the spectrum of state 2 (2′)
demonstrates a greater similarity to those of the AFM states,
both in terms of peak shape and position [Fig. 4(a)]. This
alignment suggests that state 1 (1′) contains a greater number

of FM interfaces, and state 2 (2′) contains a greater number of
AFM interfaces.

On the basis of tunneling magnetoresistance measurements
and PL spectroscopy results, we have established the magnetic
evolutionary routes for four- and five-layer CrSBr [Figs. 4(b)
and 4(c)]. Here, we take the ascending-field sweep of the
four-layer CrSBr as an example [Fig. 4(b)]; when subjected
to a substantially large negative external magnetic field, the
spin orientation of each layer aligns with the external field, ex-
hibiting an FM (FM1, ↓↓↓↓) state along the b axis. To ensure
more FM interfaces, one of the two surface layers undergoes
a spin flip as an initial step as the external field increases.
Due to the device’s asymmetric character, one of these two
layers is more likely to undergo the initial flip, reaching state 1
(e.g., ↑↓↓↓). With a further increase of the external field, one
middle layer also flips its spin orientation, causing CrSBr to
reach the A-type AFM ground state (AFM1, ↑↓↑↓). As the
magnetic field sweeps towards positive values, the surface
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FIG. 3. Rectification properties of asymmetric spin configurations. (a) I-V curve mapping of a four-layer CrSBr device under the external
magnetic field along the b-axis descending-field (upper panel) and ascending-field (lower panel) sweeps. (b) I-V curve mapping of a five-layer
CrSBr device under the external magnetic field along the b-axis descending-field (upper panel) and ascending-field (lower panel) sweeps. MR
values near zero bias voltage are noisy due to the measurement resolution limit. (c),(d) MR line cuts of four-layer and five-layer CrSBr devices
in (a) and (b) in the descending-field sweeps at ±100 mV bias voltages.

layer that is antiparallel to the magnetic field flips, transi-
tioning CrSBr into state 2 (↑↓↑↑). Subsequently, the spin
orientation of the surface layer undergoes a flip, resulting in
CrSBr transforming into an FM state aligned with the external
field (FM2, ↑↑↑↑). The descending-field sweep represents a
time-reversal operation of the ascending-field sweep, during
which the four-layer CrSBr goes through state 1′ and state 2′
[Fig. 4(b)].

Similarly, in the case of a five-layer CrSBr device during an
ascending-field sweep, the initial FM state transitions to the
AFM ground state through two sequential spin-flip processes.
For the odd-layer samples, the uncompensated layer’s net
magnetization in the AFM state breaks the energy degener-
acy under a nonzero external magnetic field. As the positive
external magnetic field increases, the spin orientations of both
surface layers align in the opposite direction to the external
field. With further increase of the magnetic field, the spins of
the two surface layers flip one after the other, followed by the
spin of the intermediate layer, leading to the sample transition-
ing into the FM state, magnetized according to the direction
of the magnetic field. The descending-field sweep repre-
sents the time-reversal process of the ascending-field sweep
[Fig. 4(c)].

Interestingly, in the four-layer CrSBr device, although
state 1 possesses the same net magnetization as state 2, it
is not the energetically preferred state under straightforward
analysis. This is attributed to state 1 having more FM-coupled
interfaces. During the spin-flip process transitioning from the

FM1 state to state 1, if we assume uniform AFM coupling
energies between each adjacent layer, the energy determinant
is the second or third layer rather than the top layer flipping
[Fig. 4(b)]. However, CrSBr is susceptible to external strain
[33], which could be randomly introduced during exfoliation
or transfer processes. The markedly different PL spectra ob-
served in state 1, along with tunneling resistance, confirm its
magnetic configuration to be ↑↓↓↓ rather than ↓↑↓↓. Fur-
thermore, we conducted an analysis of device discrepancies
across three four-layer CrSBr devices, revealing consistent
steplike transitions in all devices, as illustrated in the Supple-
mental Material, Fig. S4 [27]. Minor deviations in transition
fields and MR values may stem from slight variations in inter-
layer coupling strength and layer-specific spin-filter efficacy
introduced during the fabrication process. A more detailed
discussion on the magnetic evolution of CrSBr can be found
in the Supplemental Material, Note S2 [27].

Subsequently, we employed the Mott two-current tunnel-
ing model to compute the MR of various magnetic states
along the evolutionary path. In the tunneling process involving
collinear magnetic states, spin-flip scattering is neglected
since most scattering events conserve spin, enabling two dis-
tinct channels for electrons tunneling through CrSBr layers.
The total tunneling current is then the aggregate of currents
from spin-up and spin-down electrons. Under this framework,
we posit that the tunneling current is directly proportional to
the probability of an electron tunneling through the CrSBr lay-
ers. Noteworthy is the model’s revelation that state 1 and state
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FIG. 4. PL spectroscopy and the magnetic reversal route. (a) PL spectra of different magnetic states in a four-layer CrSBr device. Each
line on the graph is annotated with the corresponding magnetic states and external field conditions. The time-reversal states exhibit identical
PL peaks, while states 1 and 2 display distinct PL spectra. (b) Schematic diagram illustrating the evolution of the spin configuration of
the four-layer CrSBr with the magnetic field. The green and orange arrows indicate the spin direction of each layer of CrSBr. The black
triangles indicate the ascending- and descending-field processes. (c) Schematic diagram illustrating the evolution of the spin configuration of
the five-layer CrSBr with the magnetic field.

2 exhibit markedly different tunneling resistances. Addition-
ally, the tunneling barrier on each CrSBr layer is modulated
by the presence of a bias voltage, affecting the spin-filter
effect of different layers and resulting in divergent tunneling
resistances between these states (Supplemental Material, Note
S1), and a simplified representation of the tunneling barriers
of two-spin channel model is provided in the Supplemental
Material, Fig. S5 [27]. State 1′ (state 2′) represents the time-
reversed equivalent of state 1 (state 2), and as per the two-spin
channel model, it is anticipated to possess the same tunneling
resistance as state 1 (state 2), a finding corroborated by ex-
perimental data [Fig. 2(b)]. Crucially, despite state 1 and state
2 sharing identical net magnetization, they are distinguishable
based on their tunneling resistance and PL spectra. In essence,
reversing the current direction in these states would induce a
change in their tunneling resistance, leading to rectification of
the I-V curve.

However, while the spin configurations during the field
sweep have been determined, the underlying cause of positive
MR in the ↓↓↑↓↑ (↑↑↓↑↓) magnetic state remains un-
known. The two-spin channel model provides unconventional

insights, suggesting a more complex origin. First, there is
a one-to-one correspondence between the spin configuration
and the band structure in this material, with certain spin con-
figurations potentially having larger energy band gaps, leading
to increased tunneling barriers [34]. Second, the charge trans-
fer resulting from the difference in work functions between
CrSBr and graphite may influence the spin-filtering effect of
CrSBr in close proximity to the graphite layer, resulting in
positive MR. Additionally, the proximity effect [35] caused
by the strong spin-orbit coupling of CrSBr in graphite may
also impact the MR of the tunneling junction. While the
precise underlying mechanisms require further elucidation,
the distinct spin-filter effects induced by these phenomena in
disparate layers have the potential to yield positive MR (Sup-
plemental Material, Note. S2 [27]). Due to the asymmetry of
the spin configurations, reversing the current direction in the
↓↑↓↓↓ and ↑↑↓↑↓ states leads to two additional tunneling
resistances [Fig. 3(d)].

In conclusion, our study investigated the magnetic prop-
erties and spin textures of few-layer CrSBr. We identified
distinct spin configurations that evolve with an in-plane
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magnetic field applied along different crystal axes. Notably,
we observed some intermediate states that exhibited rectifica-
tion behaviors under positive and negative biases. Intriguingly,
a positive magnetoresistive state emerged in five-layer CrSBr
devices with a magnetic field along the b axis. To gain in-
sights into these phenomena, we developed a two-current
model to compute the MR values, which helped to eluci-
date the underlying spin textures responsible for the observed
transport characteristics and PL spectra. Our findings provide
insights into the complex spin structure of CrSBr, revealing
subtle spin textures on the evolution route. Furthermore, our
work underscores the potential of tunneling magnetoresis-
tance as a sensitive probe for investigating magnetic order
in two-dimensional (2D) materials. Further investigations fo-
cusing on spin dynamics and proximity effects in CrSBr
heterostructures may unveil additional opportunities for spin-
tronic applications.

Methods. Crystal synthesis. CrSBr single crystals were
synthesized using the CVT method. Disulfur dibromide and
chromium metal were mixed in a molar ratio of 7:13, and the
mixture was sealed in a silica tube under vacuum conditions.
Subsequently, the evacuated silica tube was inserted into a
two-zone tubular furnace. The growth of CrSBr crystals took
place over a period of seven days, utilizing a temperature
gradient ranging from 950 ◦C to 880 ◦C, with a controlled
heating and cooling rate of 1 ◦C/min.

Device fabrication. Graphite, h-BN, and CrSBr flakes were
exfoliated using the Scotch-tape method in ambient conditions
and transferred onto a Si substrate covered with a 285-nm-
thick SiO2 layer. The heterostructures were then stacked using
a pick-up and release method based on a poly propylene car-
bonate (PPC)/polydimethylsiloxane (PDMS) polymer stamp

on a glass slide. Subsequently, the device underwent an ace-
tone wash to remove PPC residual from the sample. A layer of
polymethyl methacrylate (PMMA) was spin coated and pat-
terned using electron-beam lithography (EBL). The PMMA
was developed using isopropyl alcohol, and the device was
etched in a reaction-ion etching (RIE) system under O2 and
CHF3 gas flow. Finally, Cr/Au electrodes, with a thickness of
5/35 nm, were deposited on the device followed by a lift-off
process to define metal contacts.

Electrical measurements. Transport measurements were
performed using a Heliox3 He insert system equipped with a
14 T superconducting magnet, allowing temperature control
down to 1.8 K. To analyze the I-V characteristics of the
tunneling barrier and investigate the MR, a Keithley 2636B
source meter was used to apply the bias voltage, while the
tunneling current was measured using a standard two-probe
module. To ensure the detection of intrinsic signals and min-
imize the impact of Joule heating, the tunneling current was
limited to several hundreds of nA, resulting in a total power
of several hundreds of nW in a junction with an approximate
area of 1 µm2.
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