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Abstract

The integration of graphene with magnetic insulators to invoke the magnetic
proximity effect provides a powerful route toward spintronic devices that preserve
graphene’s exceptional transport characteristics. A persistent challenge, howeyer, is the
identification of magnetic substrates that are both air-stable and capable, of forming
high-quality van-der-Waals interfaces. Here, we present the magnetotransport

~

investigation of monolayer graphene coupled to a layered A-type antiferromagnetic
semiconductor CrSBr nanoflake, which is notable for its high Néel temperature (~132 K)
and outstanding environmental stability. High-quality heterojunctions are obtained via
a dry-transfer technique to ensure atomically €lean intezface. Pronounced negative
magnetoresistance and anomalous Hallteffect in graphene are observed, arising from
the suppression of spin-disorder scattering.induced by the proximity exchange field
from the CrSBr layer. Moreover, the, heterojunction exhibits clear two-frequency
Shubnikov-de Haas oscillations, evidencing the emergence of Fermi surface
reconstruction of the jmonolayer graphene. Our results demonstrate that
antiferromagnetic CrSBr/ can /impose a robust magnetic proximity effect that

manipulates thesspin degrees of freedom in graphene, opening new opportunities for

spintronic functionalities in two-dimensional materials.

Keywords: magnetic proximity effect, negative magnetoresistance, anomalous hall,
Shubnikov de Haas oscillation

PACS: 72.80.Vp, 73.43.Qt, 85.75.-d
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Introduction

Two-dimensional (2D) materials continue to reshape the landscape of spin-based
electronics. Graphene, with its exceptionally high carrier mobility (>10° cm? V! s™)
and long spin diffusion length(~30 pum) that persist up to room temperatute, provides
an ideal platform for low-dissipation spin transport.[1,2] However, the absence of
intrinsic magnetic order in pristine graphene limits its direct applications in Spintronics
devices. A widely adopted strategy to overcome this limitation is\the magnetic
proximity effect (MPE), whereby an exchange field is induced in, graphene through
intimate contact with a magnetic insulator.[3—9] The resulting exchange splitting can
break time-reversal symmetry and generate spin<polarized ::arriers in the graphene.[10]

Compared to ferromagnetic materials, antiferromagnetic materials possess a net
zero magnetic moment, thereby avoiding, stray, fields that could degrade device
performance while offering strong stability against external magnetic
perturbations.[11-16] Theoretical. models predict that exchange interactions at the
graphene/antiferromagnetiinterface can break time-reversal symmetry and induce an
effective exchange field, leading to spin band splitting in graphene.[ 17] Among the van-
der-Waals (vdW)r magnets, the layered A-type antiferromagnet CrSBr stands out
because of its relatively high Néel temperature (7n~132 K) and robust environmental
stability, ‘whereas other 2D magnets such as Crlz are known to be unstable under
ambient conditions.[18-21] Recent studies have demonstrated that monolayer CrSBr
can impose a sizable exchange field on an adjacent graphene layer, manifested as a

gate-tunable spin polarization and a measurable exchange shift of 27-32 meV in the
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graphene band structure.[22] However, comprehensive transport signatures,
particularly quantum effects under high magnetic fields, that directly link “the
proximity-induced exchange to modifications of the Fermi surface remain scarce.

In this work, we report the magnetotransport properties of a high-quality
monolayer graphene/CrSBr heterojunction. Our measurements reveal a clear MPE in
monolayer graphene induced by CrSBr nanoflake, giving rise to a pronouncéd negative

~
magnetoresistance (NMR) of up to -23%. Furthermore, the preseneé of exchange field
modifies the well-established Dirac spectrum of graphene, resulting in an unusual
electronic transport behavior in the quantum oscillation regime. The two-frequency
Shubnikov-de Haas (SdH) oscillations are observed in. the heterojunction at low
temperatures. In addition, the transverse Hall resistance exhibits a pronounced
deviation from the linear dependence expected,for a single-carrier Dirac system,
evidencing the existence of anomalous Hall effect (AHE). Our results confirm the
capability of antiferromagnetic CeSBr to engineer spin-selective electronic structures

in graphene, paving thegway for developing high-performance, multifunctional

spintronic architectures.

Experiment details

The high-quality CrSBr single crystals were synthesized through a chemical vapor
transport (CVT) method.[23,24] High-purity Cr powder (99.95%), CrBr3 powder (99%)
and S powder (99.9995%) were thoroughly mixed and sealed in a quartz ampoule under

high-vacuum conditions. The ampoule was placed in a two-zone horizontal furnace,



10

11

12

13

14

15

16

17

18

19

20

21

22

with the hot zone and the cold zone maintained at 950°C and 850°C, respectively, for
72 hours. Finally, the CrSBr single crystals were obtained after the furnace was cooled
naturally to room temperature.

Large-area monolayer graphene and CrSBr nanoflakes were exfoliated onto the
Si0,/Si substrate that was pretreated with oxygen plasma. Subsequently, a polymer
stack was employed to selectively transfer the exfoliated flakes. The ‘monolayer
graphene was picked up by using a #-BN nanoflake and then precisel; released onto
the pre-exfoliated CrSBr nanoflake.[25] The polymer residue,was removed by
immersing the stacked heterojunction in acetone.

The Hall bar devices of the heterojunction were fabri:ated using standard e-beam
lithography (Raith 150), followed by deposition of Ct/Au electrodes (5 nm/35 nm).
Prior to metal deposition, the top #-BN layer wasiselectively removed by SFe reactive
ion etching (RIE) to expose the ‘graphene contact regions. The thicknesses of
heterojunctions were determined using a commercial atomic force microscope (AFM,
Oxford Instruments CypherS). Raman spectra were acquired using a WITec
ALPHA300R system. ‘Electrical transport measurements were conducted using a

standard four-terminal configuration within a Physical Property Measurement System

(PPMS, Dyna-Cool, Quantum Design).

Results and discussion
Figute 1(a) illustrates crystal structures of monolayer graphene and a CrSBr

nanoflake, where vdW interactions are formed between the two layers after the
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heterostructure is assembled using a dry-transfer technique. The device configuration
discussed in this work is shown in Fig. 1(b). Figure 1(c) presents the Raman spectra.of
the monolayer graphene, #2-BN, CrSBr, and the heterojunction, all measured on @ SiO>
/Si substrate. The characteristic Raman peaks of both CrSBr and monolayer. graphene
are clearly preserved in the spectrum of the heterojunction, indicating the formation of
high-quality vdW interface between two layers. Figure 1(d) shows the AFM image of
the device and the corresponding height profile extracted along the whig line, showing
a thickness of ~3.2 nm for the CrSBr nanoflake.

The magnetic properties of the synthesized /CrSBr, bulk crystal were first
characterized. Temperature-dependent magnetic susceptibility measurements under
zero-field-cooling (ZFC) and field-cooling (FC) procedures reveal a sharp cusp at T =
132 K (Fig. 2(a)), consistent with previous teports and signaling the onset of
antiferromagnetic order.[ 18] A weak ferromagnetic-like feature emerges below 27.5 K,
which may arise from the existence of defects in crystals.[26,27] Figure 2(b) displays
the field-dependent magnetization’ with the external field applied along the
crystallographic ¢ axis. Below 7y, the magnetic state of CrSBr undergoes a transition
from canted antiféerremagnetism to field-polarized ferromagnetism as the external field
increases beyondithe saturation field Bsa:, which has been reported to be comparable in
the bulk andfew-layer CrSBr.[27,28]

Figure 2(c) presents the longitudinal magnetoresistance ratio (MRR = R(B)/R(0))
measured under the out-of-plane magnetic field. Across the entire temperature range,

the heterojunction exhibits clear NMR. At 180 K, which is above 7, the sample
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exhibits a broad NMR response, whereas below 7w, the NMR shows a distinct
two-regime behavior. Taking the curve measured at 2 K as an example, the MR drops
steeply as the magnetic field increases up to about 2.1 T and then gradually saturates at
higher fields. The characteristic transition field Birns (~2.1 T) is marked bysthe dashed
line in Fig. 2(c). Such two-regime behavior, an initial rapid drop followed by a plateau,
suggests a strong coupling between the magnetic order of CrSBr and the charge carriers
in the adjacent monolayer graphene. -

Several well-known mechanisms can give rise to NMR in low-dimensional systems,
such as Kondo effect, weak localization(WL), and/magnetic scattering.[29-32] The
NMR induced by the Kondo effect typically follows a.quadratic field dependence
MR « B?%, which is not observed in our device. Thus, the Kondo effect can be ruled out.
In the case of the WL in 2D materials, the eonductivity is expected to exhibit a
logarithmic temperature dependence, ‘g,, < InT, which is also absent in the present
measurements.

To quantify the correlationQetween the magnetic ordering of CrSBr and the transport
response of heterojunction, we extracted two characteristic fields, Bsat and Birans, as a
function of temperature, (Fig. 2(d)). The two data sets nearly coincide at each
temperature.and exhibit essentially identical temperature dependence. This quantitative
agreement indicates that the MR response of the heterojunction is governed by the
magnetic ordering of the CrSBr nanoflake. Below 7n, CrSBr develops

antiferromagnetic order that becomes stronger upon cooling. Through MPE, an

exchange field is induced in the adjacent monolayer graphene, leading to the spin
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polarization of its charge carriers. This spin polarization enhances the spin-dependent
scattering. While the external magnetic field aligns the magnetic moments in CrSBr,
spin-disorder scattering is progressively suppressed, resulting in the observed INMR:
Once B exceeds Bians, the CrSBr spins become nearly fully polarized, the.exchange
field in graphene reaches its maximum, and the spin-related scattering channel exhibits
field-independent, giving rise to the plateau observed in the magnetoresistance.
~

Figure 2(e) displays the magnitude of the maximum NMR evaluated at Bians as a
function of temperature. The NMR magnitude does not follow a,simple monotonic
trend, instead, it displays a pronounced valley between 20 K.and 40 K, where the curve
evolves from a weak temperature dependence athigher tenlperatures to a steep increase
upon further cooling. Similar low-temperature weak ferromagnetic signals have been
reported in several independent investigations of CrSBr and have been attributed to
magnetic defects (e.g., Cr vacancies, stacking faults, or canting of the antiferromagnetic
sublattices) that generate uncompensated moments within an antiferromagnetic
host.[28] The sudden increase of the NMR therefore likely reflects the combined effect
of the enhanced magnetic order in the pristine lattice and the emergence of
defect-related magnetic moments that further modulate the spin-dependent scattering
in the monolayer.graphene.

To further investigate the influence of the CrSBr layer on the charge transport in
graphene, we examined the Hall response of the heterojunction below 7x. Figure 3(a)
shows the Hall resistivity py, as a function of the out-of-plane magnetic field at

various temperatures. For magnetic fields exceeding 2.1 T, py, exhibits a negative
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linear dependence, as evidenced by the ordinary Hall effect (OHE) with electron-type
charge carrier. From the linear high-field Hall response, we extracted the carrier density
ne and mobility u using a single-band model. As shown in Fig. 3(b), the carrier density
remains nearly constant with increasing temperature, while the mobility, increases
significantly.

In the low-field region (| B | < 2.1 T), a distinct deviation from linearity i§ observed.
This nonlinearity cannot be explained by a two-band conduction model?nd is therefore
attributed to the AHE in graphene induced via the magnetic proximity effect. After
subtracting the linear OHE background, we extracted the anomalous Hall conductivity
at each temperature. As shown in Fig. 3(c); the ma%nitude of anomalous Hall
conductivity increases monotonically with temperature, suggesting a close connection
between the AHE and carrier scattering, processes. To elucidate the underlying
mechanism, we plotted ¢ against owon a double-logarithmic scale (Fig. 3(d)). The
data follows a clear power-law scaling, with a linear fit yielding a slope of 2.1, i.e.
o# « gl This quadraticsealing, combined with the moderate oxx values (10°~10% Q
lem™) firmly places the syStem in the side-jump regime, particularly in the presence of
the magnetic disorder or strong spin-orbit coupling. Therefore, we attribute the
observed AHE primarily to a side-jump scattering mechanism associated with the
magnetic proximity effect induced by CrSBr.

The SdH effects are observed in the graphene/CrSBr heterojunction when the

magnetic field exceeds 5 T. Figure 4(a) displays the temperature dependence of the

magnetoresistance ratio under magnetic field ranging from 0 to 9 T. Pure oscillatory
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component ARy, is extracted by subtracting a polynomial background (Fig. 4(b)). As
shown in Fig. 4(c), the fast Fourier transform (FFT) spectra reveal two frequencics at
F, =90 T, Fg =171 T. According to the Onsager relation F = (h/2me)Ar,
these frequencies correspond to the extremal cross-sectional area (Ap) of the Fermi
pockets perpendicular to the magnetic field. The corresponding areas aré determined to
be 0.00857 and 0.0163 A~2 for F, and Fg, respectively.

The effective mass can be extracted by fitting the temperature de;;ndence of the
oscillation amplitude using the thermal damping term R, in the Lifshitz-Kosevich
(LK) formula, AR, g \ERTRDRscos[Zn(F/B ¥y—08)] , where Ry =

(Am*T/B) / sinh(Am*T /B) , Ry, =@xp(— /177.1*TD//10H) , Rs =
cos(mm*g*).[33,34] Here, m*is cyclotton mass, Ip is Dingle temperatures, g is the
effective g-factor, and the constant A = 2m2kgym, / eh ~ 14.69 T/K. The extracted
effective masses corresponding to theéitwo frequencies are shown in Fig. 4(d). Both
values are remarkably small, censistent with characteristic of Dirac fermions in
graphene. The extracted parameters for the two Fermi pockets are summarized in table
1.

We observedsithat the /quantum mobility extracted from SdH oscillations is
significantly larger than the Hall mobility in the present system. This substantial
discrepangy.€an be understood by considering the multiband nature of charge transport.
The Hall mobility derived from a single-band model reflects a weighted average of the
densitiés and mobilities of all carriers. In our case, the two small Fermi pockets resolved

by SdH oscillations exhibit higher quantum mobility. However, due to their low carrier
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density, their contribution to the overall conductivity is negligible. Meanwhile, a high-
density, low-mobility carrier likely exists that dominates the Hall response but remains
undetected in the SAH oscillations.

Consequently, the Hall mobility is suppressed by these low-mobility carriers, whilé
the SAH oscillations selectively probe the clean, high-mobility pockets, yielding a larger
quantum mobility. Such a scenario is well-documented in other multiband systems,
confirming that the observed discrepancy is physically consistent.[35,32]

The phase factor y —0 from the LK formula is directly related to the Berry phase,
where ¢ equals to 0 for the 2D system and + 1/8 for the 3D system.[37,38] Determining
the Berry phase therefore provides insights into'the topol:)gy of the electronic bands.
Accordingly, we plotted the Landau fan diagram, as shown in Fig. 4(e). The two
oscillations corresponding to different frequencies.can be separated by applying a band-
pass filter. The Landau indices (n) are assigned to the maxima of Rxx because the
oscillations remain in the low field limit.[39] According to the Lifshitz-Onsager
relationship n = g +y -6 ,Qle slope of the linear fit between n and 1/B yields the
oscillatory frequency, while the intercept offers the information about the Berry phase.
As shown in Figid(e), thedntercepts for F, and Fp are determined to be 0.479 and
0.327, respectively, indicating a 2D Fermi surface for the a pocket and a 3D Fermi
surface for/the [ pocket. The two intercepts correspond to Berry phases of
approximately -0.04 © and -0.1 &, both close to 0, indicating a trivial band topology.

Figure 4(f) shows a two-frequency LK fit for the SdH signals, where the excellent
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agreement with the experimental data confirms the reliability of the extracted
parameters.

The observation of two distinct SAH frequencies provides direct evidence for the
Fermi surface reconstruction in monolayer graphene induced by the adjacent CrSBt
layer. These phenomena result from the collective contribution of the MPE and charge
transfer at the interface. Through MPE, the exchange from CrSBr splits the Dirac cone
of graphene into two spin-polarized sub-bands, breaking time-reversal\symmetry and
lifting the spin degeneracy. Simultaneously, charge transfer from the CrSBr layer leads
to n-type doping in the monolayer graphene, shifting the Fermi level above the Dirac
point. The combined effects of exchange splitting and char?ze transfer results in multiple
Fermi pockets, giving rise to the two observed SdH oscillations. Recent first-principles
calculations have confirmed this band structure reconstruction at the monolayer
graphene/CrSBr interface, revealing both the exchange-induced spin splitting and
charge transfer effects.[38,39] This rigid band shift caused by charge transfer is also
consistent with the nearly temperature-independent n-type carrier density derived from
the single-band Hall analysis. The agreement between Hall transport and quantum

oscillation resultsw.thus, provides strong evidence for proximity-induced spin

polarization.and Fermisurface reconstruction in the graphene/CrSBr heterojunction.

Conclusion

In"conelusion, we report a magnetotransport study of high-quality graphene/CrSBr
heterojunctions, demonstrating an efficient spin injection and band structure

engineering in graphene via the magnetic proximity effect. The devices exhibit a
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pronounced NMR reaching -23% and a clear AHE below the Néel temperature of CrSBr.
Magnetotransport measurements further reveal SdH oscillations with two distinct
frequencies, providing direct evidence for the Fermi surface reconstruction in graphene.
Our results demonstrate that antiferromagnetic CrSBr can induce substantial.exchange
splitting and Fermi surface reconstruction in adjacent graphene, establishing

graphene/CrSBr heterojunction as a promising platform for spintronics devices.

~
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Figure 1. Structural characterizations of a graphenemrSBr heterojunction. (a)
Schematic illustration of the crystal structure of the graphene/CrSBr heterojunction. (b)
Optical micrograph of the fabricatedidevice consisting of an 4-BN/graphene/CrSBr
heterojunction on a Si0»/Sidsubstrate with Cr-Au electrodes. The red dash line outlines
the h-BN/graphene regions, while the:yellow dash line indicates the underlying CrSBr
layer. (¢) Raman spectra of I;graphene, h-BN, CrSBr and heterojunction on a SiO2/Si
substrate. (d) The height profile along the white line of the AFM image (inset), showing
a thickness of the CrSBr nanoflake (~3.2 nm), the h-BN/graphene (~25 nm), and the

Cr-Au electrode (~40-nm), respectively.
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Figure 2. Magnetic properties of CrSBr and /NMR of the graphene/CrSBr
heterojunction. (a)Temperature-dependent magnetizatior: of the CrSBr bulk crystal
measured under an out-of-plane external.magnetic field of 0.1 T. (b) Field-dependent
magnetization of CrSBr at varying temperatures under out-of-plane magnetic field. (c)
Magnetoresistance ratio under out-of-plane magnetic fields from —4 T to 4 T at different
temperatures. The black dashed, line represents the characteristic transition field,
denoted as Buans. (d) Compatison between the saturation field Bsa (purple) and the

transition field Byans (0Orange). (€) Temperature dependence of the NMR magnitude

evaluated at Biags:
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based on the Lifshitz-Kosevich (LK) formula (solid line).
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Table 1. The derived parameters from SdH oscillations for the graphene/CrSBr
2 heterojunction

F(T) Kr(AY) Ar(mm?) m'(me To (K) 7q (5) Hq (em?V71s™)

B 171 0.718 0.0163  0.131m. 14.5
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