
Supplementary Information1

I. BILAYER VS MONOLAYER GRAPHENE2

We performed the analysis developed in this supplementary information assuming the presence of either monolayer3

or bilayer graphene under the CrSBr flake. We found that our analysis matches better with the presence of bilayer4

graphene than for monolayer graphene. We therefore consider in our analysis that we are performing transport5

measurements on a bilayer graphene. Our theoretical modelling is valid for bilayer graphene, but could be readily6

extended to the monolayer graphene case by adapting the Landau level energies and corresponding density of states.7

According to our model, the difference between these two systems in the magnetotransport signature of the exchange8

shift would mostly be quantitative. The Landau level spacing close to the charge neutrality point is larger for9

monolayer than for bilayer graphene. The modification in the quantum Hall effect caused by a given exchange shift10

would therefore be more pronounced for bilayer than monolayer graphene.11

II. COMPUTATION OF THE CARRIER DENSITIES12

In the main text we compute the Hall coefficient and spin polarization as a function of the applied gate voltage in13

presence of a exchange shift ∆ [Fig. 5(b) and 5(c) of the main text]. This necessitates to evaluate the carrier density14

of spin polarized electron and holes states, nσ and pσ (σ =↑ or ↓) as a function of the gate voltage (Vg) [Fig. 5(a) of15

the main text].16

A. carrier density computation for non-magnetized graphene at low magnetic fields17

Above the Néel temperature of 132 K, CrSBr has no magnetic ordering, so that the proximity magnetic effect plays no18

role in the electronic transport in graphene (∆ = 0). In this case the electron and hole densities of states in graphene19

(DOSn and DOSp) are:20

DOSn(E) =
2meff

πℏ2
θ(E) (A1) DOSp(E) =

2meff

πℏ2
θ(−E) (A2)

21

With θ(E) the Heaviside step function. Here meff = 0.028me is the effective mass in bilayer graphene [1, 2]: The22

occupation of electron states follows the Fermi-Dirac distribution fn
FD, while the hole occupation is fp

FD = 1− fn
FD.23

These are:24

fn
FD(E,EF ) =

1

1 + exp
(

E−EF

kBT

) (A3) fp
FD(E,EF ) =

1

1 + exp
(
−E−EF

kBT

) . (A4)25

with EF the Fermi energy and kB the Boltzmann constant. The total electron and total hole densities are expressed26

as:27

n(EF ) =

∫ +∞

−∞
DOSn(E)fn

FD(E,EF )dE (A5) p(EF ) =

∫ +∞

−∞
DOSp(E)fp

FD(E,EF )dE (A6)
28

This picture may have to be modified when a strong magnetic field is applied, as it may lead to a magnetic ordering29

of CrSBr. In this case a magnetic field-dependent exchange shift may be induced in the graphene band structure,30

even for T > TN . This effect is not included in our analysis.31

B. carrier density computation for magnetic graphene32

Under its Néel temperature TN = 132 K the CrSBr crystal has a magnetic ordering and can produce an exchange33

shift ∆ in the graphene band structure. The spin degeneracy is lifted and the density of states are:34
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DOS↑
n(E) =

meff

πℏ2
θ

(
E − ∆

2

)
(A7) DOS↑

p(E) =
meff

πℏ2
θ

(
∆

2
− E

)
(A8)

35

for electron (n) and holes (p) spin up polarized states, while for spin down polarized states:36

DOS↓
n(E) =

meff

πℏ2
θ

(
E +

∆

2

)
(A9) DOS↓

p(E) =
meff

πℏ2
θ

(
−E − ∆

2

)
(A10)

37

The electron and hole states therefore coexist for a Fermi energy range between −∆/2 and ∆/2. The Fermi energy-38

dependent carrier densities are:39

n↑(EF ) =

∫ +∞

−∞
DOS↑

n(E)fn
FD(E,EF )dE (A11) p↑(EF ) =

∫ +∞

−∞
DOS↑

p(E)fp
FD(E,EF )dE (A12)

40

n↓(EF ) =

∫ +∞

−∞
DOS↓

n(E)fn
FD(E,EF )dE (A13) p↓(EF ) =

∫ +∞

−∞
DOS↓

p(E)fp
FD(E,EF )dE (A14)

41

The carrier concentrations are expressed as a function of the Fermi energy, which depends on the applied gate voltage42

(Vg). In order to express those as a function of the gate voltage it is necessary to express EF as a function of Vg.43

C. Establishing the link between gate voltage and Fermi energy44

The carrier charge density, e[p(EF )− n(EF )] with n(EF ) = n↑(EF ) + n↓(EF ) and p(EF ) = p↑(EF ) + p↓(EF ), varies45

with the gate voltage as:46

p(EF )− n(EF ) = −ϵrϵ0(V g − V g0)

te
(A15)

With ϵ0 the vacuum permittivity and ϵr = 3.9 the relative permittivity of SiO2. The thickness of the SiO2 layer is47

denoted t = 285 nm, and −e is the electron charge. The gate voltage Vg0 is the one at which the charge neutrality48

(or compensation) point is reached, and is deduced from the sign change of the Hall coefficient in the low field49

magnetotransport measurements [Fig. 2(b) and 2(c)] of the main text.50

This relation allows us to link the Fermi energy and the gate voltage. This is done by computing analytically the51

charge carrier density as a function of EF with energy limits of ±400 meV. The integration was done for 6000 evenly52

spaced values of EF between these energy limits. The results were then interpolated with eq. A15 to obtain EF as53

a function of Vg, so that nσ and pσ could be evaluated as a function of Vg. These results provided theoretical values54

for the carrier spin polarization as a function of the gate voltage, expressed as:55

P (Vg) =
n↑ + p↑ − n↓ − p↓
n↑ + p↑ + n↓ + p↓

(A16)

and with the Hall coefficient56

RH(Vg) =
n− p

e(n+ p)2
(A17)

Here, we assumed that mobility µ is the same for electrons and holes, and is independent of spin. Under this57

assumption, P also corresponds to the polarization of the conductivity defined as P = (σ↑ − σ↓)/(σ↑ + σ↓) extracted58

in Ref. [3]. The expression of RH in eq. A17 is derived by assuming that the electron and holes, which have an59

opposite spin-polarization in the two carrier regime, can be described by the same electrochemical potential. This60

condition is met in our device as its lateral dimensions are larger than the estimated spin relaxation length in graphene-61

CrSBr heterostructures Ref. [3]. The Hall coefficient is computed in the main text as a function of the exchange62

shift ∆ extracted from the high field magnetotransport using the model described in Section V. This computed value63

of RH is then compared with the experimentally obtained Hall coefficient extracted from the low field transverse64

magnetoresistance measurements [Fig. 5(b) of the main text for dataset A and Fig. A1 for dataset B].65
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While there is a good agreement between the model computations and the measured RH for dataset A, there is less66

agreement for dataset B. For dataset B, we observed that the gate voltage Vg0 obtained using the classical model67

presented in Section II and the one obtained from the Quantum Hall computations of section V are shifted, with68

values of 3.3 and 2.2 V, respectively. This may originate from the presence of a charge inhomogeneity in this region69

of the device, which contributes to the electronic transport at low field but not at high field.70

III. CHARGE CARRIER MOBILITY71

The carrier mobility µ, assumed to be the same for electrons and holes, was extracted from zero field longitudinal72

resistivity measurements:73

1

ρ
= e(n+ p)µ (A18)

as a function of the applied gate voltage. The carrier densities n and p where evaluated using the computation detailed74

in Section II. The extracted mobility is reported as a function of the gate voltage in Fig. A2.75

FIG. A1: Computed (black stars) and measured (green
dots) low field Hall coefficients extracted from the dataset
B [Fig. 4(c)] of the main text as a function of the gate
voltage, similar to the dataset A displayed in Fig. 5(b) of
the main text. The temperature used is 20 K, and a ∆ of
32 meV was used to obtain the computed Hall coefficient.
Note that Vg0 = 3.3 V is used for comparison (See our
remark in Section II C).

FIG. A2: Extracted carrier mobility as a func-
tion of the relative gate voltage at 20 K.
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IV. MAGNETOTRANSPORT MEASUREMENTS AT 180 K76

As an additional check that the magnetotransport observed at 20 K indeed originates from a MPE-induced exchange77

shift, we performed control measurements at 180 K, above the Néel temperature of CrSBr. At this temperature, the78

magnetic order in CrSBr vanishes, such that no MPE is expected, and that the exchange shift is absent from the79

band structure of graphene. The measurements were done by applying a 100 nA bias current between contacts 11 of80

1 of the device presented in Fig. 1(a) of the main text. The longitudinal resistance measurements were performed81

between contacts 9 and 3, and also 7 and 5. The transverse resistance was measured between contacts 8 and 14. The82

raw and symmetrized data for the longitudinal resistance measurements are reported in Figs. A3, A4, A5 and A6.83

The raw and antisymmetrized transverse resistance measurements are reported in Figs. A7 and A8.84

FIG. A3: Longitudinal sheet resistance at 180K, volt-
age measured between contact 9 and 3.

FIG. A4: Symmetrised longitudinal sheet resistance
at 180K, voltage measured between contact 9 and 3.

FIG. A5: Longitudinal sheet resistance at 180K, volt-
age measured between contact 7 and 5.

FIG. A6: Symmetrised longitudinal sheet resistance
at 180K, voltage measured between contact 7 and 5.
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FIG. A7: Transverse resistance at 180K, voltage mea-
sured between contact 8 and 14.

FIG. A8: Anti-symmetrised transverse resistance at
180K, voltage measured between contact 8 and 14.

We then use the model presented in II with ∆ = 0 to compute at a temperature of 180 K the densities of electron85

and hole carriers, as well as the Hall coefficient using eq. A17 as a function of the gate voltage [Fig. A9(c)]. We86

compare the Hall coefficient measured at 180 K between contacts 8 and 14 (FIG. A8) with the computed one in87

Fig. A9(b). The very good agreement between these quantities shows that our model describes well the electron and88

hole coexistence caused by the thermal broadening. This shows that the good agreement between the computed and89

measured Hall coefficient at 20 K [Fig. 5(b) of the main text] cannot be solely attributed to thermal broadening or90

electrostatic non-uniformities, and that a non-zero exchange shift in the graphene band structure must be used to91

account for the magnetotransport measurements at low temperature [Fig. A9(a)].92

FIG. A9: (a) Gate dependence of Rxy at B = 6.5T and T = 20K, where the gate voltage at charge compensation
is assumed to be 3.1V. As V g approaches the charge compensation point, the magnitude of Rxy will increase due
to decreasing carrier density, then it must abruptly switch sign as the majority charge carrier species changes as EF

crosses the charge compensation point. The model shows that the inclusion of a exchange shift will broaden this
sign-change region around the charge compensation point. (b) Comparison of the Hall coefficient RH computed with
∆ = 0 (black stars) and the one produced by a least-squares linear fit of the Hall resistance data collected at 180 K
between contacts 8 and 14 (purple dots). (c) Calculated carrier densities and low field Hall coefficient as a function
of relative gate voltage computed at a temperature of 180 K, and ∆ = 0.
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V. MODELLING OF TRANSPORT IN COEXISTING ELECTRON AND HOLE EDGE CHANNELS93

We devised a transport model based on the Landauer-Buttiker formalism [4, 5] to explain and predict the effect94

of the coexistence of spin down and up polarized edge channels. The following assumptions were taken: (1) The95

counterflowing edge channels with opposite spins do not equilibrate between the contacts. (2) There is no bulk96

transport pathway which allows current flow other than through the edge channels. (3) The counter-flowing edge97

channels’ electrochemical potentials are fully absorbed and equilibrated at the Ti/Au voltage contacts [6, 7]. (4) The98

small uncovered graphene regions between the contacts and the CrSBr flake have the same charge neutrality point as99

the rest of the device.100

A. Landauer-Buttiker formalism101

The conductances in between the contacts in a Hall bar with X number of contacts can be represented with a X102

by X matrix, the electrochemical potential and current in each contact can be represented using vectors with X103

elements. The twofold valley-degenerate electron and hole edge channels contribute to the electronic transport with a104

conductance GN = (2e2/h)N and GP = (2e2/h)P respectively. At zero temperature, N and P represent the number105

of electron (hole) Landau levels with energies below (above) the Fermi energy. When applied to an example system106

at zero temperature with 6 contacts shown in Fig. 3(c) the link between the current and voltage vectors is done by a107

6 by 6 matrix, where the off diagonal elements represent the number of edge channels entering each of the contacts.108

The diagonal elements correspond to the number of edge channels exiting each of the contacts:109


I
0
0
−I
0
0

 =
2e2

h



−(N+P ) N 0 0 0 P
P −(N+P ) N 0 0 0
0 P −(N+P ) N 0 0
0 0 P −(N+P ) N 0
0 0 0 P −(N+P ) N
N 0 0 0 P −(N+P )




V1

V2

V3

V4

V5

V6

 (A19)

In the range of gate voltage (0V < V g < 7V ) explored in this report and discussed in the main text, there is a110

one-to-one correspondence between the electron (hole) character of the carriers and the spin down (up) polarization.111

We will therefore refer, for a positive field, to the electron channels N as spin down and to the hole channels P as112

spin up. Solving for the voltages shows that the expected voltage at a voltage contact with zero net current flow is113

thus a weighed average of its neighbours voltage:114

Vk =
NVk+1 + PVk−1

N + P
(A20)

115

When applied to the diagram in Fig. 3(c) of the main text, the potential drop measured between contacts 3 and 2116

can be calculated as:117

R32 =
V3 − V2

I
=

h

2e2
(N3P +N2P 2 +NP 3)

(P 5 +N5 + P 4N +N4P +N3P 2 + P 3N2)
(A21)

And for N = 1 and P = 2 simplifies as:118

R32 =
h

2e2
14

63
(A22)

while the transverse potential drop measured between points 2 and 6 writes:119

R26 =
V2 − V6

I
=

h

2e2
(N4 +N3P − P 3N − P 4)

(P 5 +N5 + P 4N +N4P +N3P 2 + P 3N2)
(A23)

120

and for N = 1 and P = 2 simplifies to:121
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R26 =
h

2e2
1

3
(A24)

Equation A21 and equation A23 show the non-conventional dependence of the transverse (Rxy) and longitudinal (Rxx)122

resistances on the number of occupied hole/electron (spin up/down) edge channels. Applying a gate voltage to the123

system has the effect of shifting the position of the Fermi energy with respect to its original position, and changes N124

and P . When the Fermi energy lies at the charge compensation point (E = 0), N = P and the transverse resistance is125

zero. For a (symmetric) shift of the Fermi energy above and below the charge compensation point, the values of N and126

P are swapped and the transverse resistance changes sign while the longitudinal one remains unchanged. As discussed127

in the main text, increasing the magnetic field with a Fermi energy range between the two spin-polarized Dirac points128

will cause N and P to become equal above a critical field, leading to a decrease of the transverse resistance. From129

our model we therefore expect a non-monotonic variation of the transverse resistance with the magnetic field. When130

entering the purely electron (P = 0) or hole (N = 0) regime, the one-to-one correspondence between the charge of131

the carriers with their spin do not apply anymore. The system will then be in a two carrier regime, where the carriers132

are of the same type but with different densities, spins, and Landau levels energies. In this regime, the transverse133

resistance varies monotonically with the magnetic field, with however the appearance of new transverse resistance134

plateaus with respect to the conventional Hall effect.135

The matrix defined in eq. A19 is not invertible in general since the contact potentials are only defined up to a136

constant. We therefore need to implement a computationally robust method of solving the equations. Because137

contact 1 is grounded, V1 can be set to 0, so that we can remove the first column of
↔
M and the first element of

→
V ,138

such that
→
V can be numerically computed using the least squares method. The device on which the measurements139

have been carried out has 20 contacts so the calculation involved inverting a 20 by 20 matrix, thus the computational140

load made it necessary to perform it numerically.141

142

In the first step, we compute N and P . For this task, 4 main components are needed:143

• Landau level energies including the exchange shift (Section VB)144

• Total density of states (DOS) (Section VB)145

• Electron density n and hole density p calculated with the total DOS (Section VC)146

• Electron density n and hole density p calculated from the applied gate voltage, which will allow to make the147

link between the experimental results and the model (Section IIC)148

B. Computation of the charge carrier density in the Landau levels149

We calculate the energy of the Landau levels in proximitized graphene, for spin up and spin down states, taking into150

consideration the exchange shift ∆ produced by the exchange interaction, as well as the field strength B. In bilayer151

graphene, the energy of the Landau levels with spin σ submitted to a magnetic field writes:152

Eσ
n = sgn(n)ℏ

e|B|
meff

√
|n|(|n− 1|) + sgn(B)sgn(σ)

∆

2
(A25)

with the first term corresponding to the usual Landau level energy in bilayer graphene [8]. The second term in153

equation A25 represents the exchange shift caused by the magnetic proximity effect. The quantity σ represents the154

spin state ± 1
2 , and meff is the effective mass. sgn is the sign function. In eq. A25 we assume for simplicity that the155

magnetic moments at the interface of CrSBr are aligned with B. This assumption is however not essential in the156

calculation. In eq. A25, the Landau levels indices n> 1 corresponds to electron levels and n< 0 are for hole levels157

owing to the specific Landau level degeneracy of bilayer graphene.158

The evaluation of the Landau Levels position with respect to the Fermi energy allows the computating of the total159

charge density of states in graphene. We use a Gaussian function with a standard deviation of Γ = 3 meV, centered160

on each of the Landau level positions in energy to model the Landau levels broadening due to static disorder, and161

also to make computational integration possible. We checked that the specific value of Γ is not critical for the the162

analysis conclusions. We define a summation range for Landau levels with numbers n = −400 to n = 400, which is163

large enough to include all partially occupied Landau levels. The σ-spin polarized electron Landau levels density of164

state writes:165
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DOSσ
n(E) =

∞∑
n=−∞

2e|B|
h

1√
2πΓ

exp

(
− 1

2

(
E − Eσ

n

Γ

)2
)
θ

(
E + sgn(σ)

∆

2

)
(A26)

and the σ-spin polarized hole density of states is:166

DOSσ
p (E) =

∞∑
n=−∞

2e|B|
h

1√
2πΓ

exp

(
− 1

2

(
E − Eσ

n

Γ

)2
)
θ

(
− E − sgn(σ)

∆

2

)
(A27)

with θ the Heaviside step function. The carrier densities nσ and pσ can now be computed using the Fermi-Dirac167

distributions for electrons and holes defined in eq. A3 and eq. A4 and the Landau level density of states (eq. A26168

and eq. A27):169

n(EF ) = n↑(EF ) + n↓(EF ) =

∫ ∞

−∞
fn
FD(E,EF )DOS↑

n(E)dE +

∫ ∞

−∞
fn
FD(E,EF )DOS↓

n(E)dE (A28)

While the total hole density is:170

p(EF ) = p↑(EF ) + p↓(EF ) =

∫ ∞

−∞
fp
FD(E,EF )DOS↑

p(E)dE +

∫ ∞

−∞
fp
FD(E,EF )DOS↓

p(E)dE (A29)

The dependence of the Fermi energy with the gate voltage can then be evaluated using eq. A15 and the procedure171

described in Section IIC. Note that the Fermi energy position now also depends on the applied magnetic field.172

C. Computation of the number of spin-polarized edge channels173

Once EF has been obtained as a function of the gate voltage and magnetic field, the σ =↑ or ↓ spin-polarized edge174

channel conductances Gσ
N and Gσ

P can be evaluated by comparing the Fermi energy with the centre energies of175

Landau levels. At finite temperature, it is possible to express Gσ
N(P ) as (2e2/h)Nσ(Pσ), however with non-integer176

values of Nσ and Pσ due to the thermal broadening of the Fermi-Dirac distribution. The electron and edge channel177

conductances are expressed using the Dirac delta function which represent the center of the Landau levels. The edge178

channel conductances are:179

Gσ
N =

2e2

h

∫ ∞

−∞

∞∑
n=0

Fnθ(E − Eσ
n)∂EF

fn
FD(E,EF )dE =

2e2

h

∞∑
n=0

Fnf
n
FD(E

σ
n , EF ) (A30)

and180

Gσ
P =

2e2

h

∫ ∞

−∞

1∑
n=−∞

Fnθ(E − Eσ
n)∂EF

fp
FD(E,EF )dE =

2e2

h

1∑
n=−∞

Fnf
p
FD(E

σ
n , EF ) (A31)

which provides an expression for Nσ and Pσ. The N and P introduced in VA write N↑+N↓ and P ↑+P ↓, respectively.181

The index n refers here to the Landau level number. The factor Fn in the above equations is 1
2 for n = 0 and n = 1,182

and Fn = 1 for all other Landau level indices in order to account for the degeneracy of the bilayer graphene Landau183

levels [8]. In our experiment the Fermi level always lies between the exchange shifted Dirac point, such that in the184

main text we discuss the number of occupied edge channels in term of N = N↓ and P = P ↑ for simplicity. Once185

again we use finite summation limits of n = ±400 for the Landau level indices, and set ±400 meV energy limits in186

the integrals.187

We then can insert N and P into the matrix defined in eq. A19 to calculate the voltages at each of the contacts. A188

flowchart of the computation procedure is shown in Fig. A12. The spatial dependence of the contact electrochemical189

potentials for the example device presented in Fig. 1(a) of the main text is illustrated in Fig. A10.190

From the discussion in section IV, we theorise that the non-monotonic dependence of Rxy with the applied magnetic191

field discussed in the main text is due to the crossing of the Fermi energy by a Landau level. This Landau level192

therefore becomes unoccupied and changes the relative number of spin up and down states N and P , thus modifying193

the transverse resistance in a non-monotonic way. In order to provide an additional check of the interpretation of194
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our measurements in term spin-polarized counterflowing edge channels, we recorded the applied field strengths where195

these signal extrema occurred (taken from Fig. 2 (c) of the main text), and plotted it as a function of the gate voltage.196

We then compared it to the extrema predicted by the model, as shown in Fig. A11, were we found a good agreement197

between the experimental B values and theoretical predictions.198

In the conventional quantum Hall effect, the absolute value of Rxy decreases while increasing the gate voltage (V g −199

V g0) in absolute value. Near the charge neutrality point Rxy will make an abrupt sign change, rounded by the200

thermal broadening at finite temperature. In Fig. A9(a) we show the simulation results assuming ∆ = 0 meV and201

∆ = 27 meV, and compare them with the measured Rxy taken at B = 6.5T . Our model predicts that the presence202

of the exchange shift leads to a smoother change of sign of Rxy as a function of the gate voltage when compared to203

a situation where only the thermal broadening is taken into account. The simulation results assuming ∆ = 27 meV204

matches better with the measured data than any other value of the exchange shift.205
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FIG. A10: Electrochemical potential in units of h
2e2

at each of the top and bottom row contacts of the
device presented in Fig. 1(a) of the main text as
computed by the model presented in Section V. The
current source is contact 11 and the drain is contact
1. These computations where performed with a field
B=3T, at gate voltage V g = 5V with the charge com-
pensation point at V g0=3.1V.

FIG. A11: Magnetic field at which the measured Rxy

magnitude reaches an extremum (green dots), plot-
ted against the gate voltage. The predictions of our
model using ∆ = 32 meV evaluated in the main text
(purple stars) are close to the measured data.

FIG. A12: Flowchart of the computation procedure used to evaluate the longitudinal and transverse resistances.
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VI. COMPARISON OF THE MEASURED Rxx AND Rxy WITH MODEL PREDICTIONS206

The Sections VIA and VIB provide a comparison between the prediction of our model and the measured sheet Rxx207

and Rxy data for each pair of contacts used in the measurements, at each applied gate voltages. The corresponding208

figures (Fig. A13 to Fig. A26 for Section VIA, and Fig. A27 to Fig. A40 for Section VIA) are organized as follow:209

panel (a) shows the measured longitudinal sheet resistance Rxx, while panel (b) shows the transverse resistance Rxy.210

Panel (c) shows the Landau level energies and Fermi energy position computed using the procedure described in211

section V of the supplementary information using the exchange shift ∆ = 27 meV (Section VIA) and ∆ = 32 meV212

(Section VIB) extracted in the main text.213

We observe that our model reproduces correctly the plateau-like features observed in the transverse resistance mea-214

surements, as well as the maxima and minima at the correct magnetic field. However, the specific values of transverse215

measurements could not be reproduced in our computations owing to the simplifying assumptions of our model,216

which do not include the bulk transport in graphene. In the following, we discuss the physical effects at the origin217

of this discrepancy. We also show that our model nevertheless provides a qualitative explanation for the observed218

magnetoresistance effects.219

At low magnetic field, the measured longitudinal magnetoresistance can be attributed to classical bulk magnetore-220

sistance effects, known to be strong in graphene [9]. Those are not included in our model. At high magnetic field,221

where the Landau levels are fully developed, the longitudinal resistance does not vanish. This is to be expected in222

the presence of counterflowing edge channels (See Section V, eq. A21), which produce a longitudinal resistance in223

the order of Rxx ∼ h/(2e2). The longitudinal resistance displays a minimum corresponding to the maximum and224

minimum of transverse resistance. In our analytical framework, this minimum therefore occurs at a magnetic field at225

which the Fermi energy is similar to that of one of the Landau levels. For this magnetic field, the transport occurs in226

the bulk of graphene, which has a sheet longitudinal resistance smaller than h/(2e2) [10]. The bulk transport therefore227

leads to a minimum of the longitudinal resistance, as previously observed in the context of quantum spin Hall effect228

measurement [11, 12].229

Finally, the measured transverse resistance in the dataset B are smaller than the one predicted by the model. This230

can be attributed to the presence of bulk conduction paths, possibly related to electrostatic inhomogeneities.231

In conclusion, although our model fails to reproduce the correct amplitudes of the measured transverse resistance, it232

reproduces accurately the experimental features. In addition, the absence of bulk contribution in our model prevents233

it to reproduce the gate and field dependence of the transverse resistance. Our theoretical framework however allows234

us to understand the features in the field dependence of the transverse resistance, related to the crossing of EF through235

Landau levels.236
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A. Rxx and Rxyfrom data set A237

In this section we show a comparison between the results of our model and the longitudinal and transverse symmetrized238

and antisymmetrized resistances measured between contacts 9 and 6, and 10 and 12, respectively. The computations239

were done using ∆ = 27 meV evaluated in the main text for the magnetotransport measurements performed at Vg = 5240

V.241

FIG. A13: Vg = 0V FIG. A14: Vg = 0.6V

FIG. A15: Vg = 1V FIG. A16: Vg = 1.8V
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FIG. A17: Vg = 2.2 FIG. A18: Vg = 2.6V

FIG. A19: Vg = 3.1V. FIG. A20: Vg = 3.3V

FIG. A21: Vg = 3.8V FIG. A22: Vg = 4.0V
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FIG. A23: Vg = 4.25V FIG. A24: Vg = 5V

FIG. A25: Vg = 6V FIG. A26: Vg = 7V

B. Rxx and Rxy from data set B242

In this section we show a comparison between the results of our model and the longitudinal and transverse symmetrized243

and antisymmetrized resistances measured between contacts 9 and 6, and 8 and 14, respectively. The computations244

were done using ∆ = 32 meV evaluated in the main text for the magnetotransport measurements performed at Vg = 5245

V. The computational Rxy have been normalized so that they match in amplitude with the measurements.246
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FIG. A27: Vg = 0V FIG. A28: Vg = 0.6V

FIG. A29: Vg = 1V FIG. A30: Vg = 1.8V

FIG. A31: Vg = 2.2V. FIG. A32: Vg = 2.6V
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FIG. A33: Vg = 3.1V FIG. A34: Vg = 3.3V

FIG. A35: Vg = 3.8V FIG. A36: Vg = 4.0V

FIG. A37: Vg = 4.25V FIG. A38: Vg = 5V
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FIG. A39: Vg = 6V FIG. A40: Vg = 7V
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VII. RAW MAGNETOTRANSPORT MEASUREMENT DATA AND SYMMETRIZATION247

In this section we report the magnetotransport measurements obtained using the current contacts 1 and 11 of the248

device presented in Fig. 1(a) of the main text prior to their symmetrisation and anti-symmetrisation. Fig. A41249

corresponds to the resistance measured between contacts 9 and 6. Fig. A42 and A43 are produced from data set A250

and B, respectively. Since Rxx does not vanish when EF is located in between LLs, any misalignment or inhomogeneity251

at the contacts will give an admixture of Rxx (symmetric in B field) into the Rxy (antisymmetric in B field), and vice252

versa. The mixing of Rxx and Rxy can be removed by symmetrization of the Rxx signal and antisymmetrization of253

the Rxy signal with respect to B.254

FIG. A41: Raw data of sheet Rxx,
before symmetrization.

FIG. A42: Raw data of Rxy, be-
fore symmetrization, correspond-
ing to the dataset A.

FIG. A43: Raw data of Rxy, be-
fore symmetrization, correspond-
ing to the dataset B.

VIII. CRSBR GROWTH AND CHARACTERISATION255

FIG. A44: Two point measurement of the CrSBr conductance as a function of the temperature. The dashed lines
indicates an exponential fit to the data using a thermal activation model of the electronic transport in CrSBr, allowing
to extract the material bandgap.

Crystal Growth: Crystals of CrSBr were grown using a chemical vapor transport method. Fused silica ampoules256

containing chromium, sulfur, and chromium(III) bromide were subjected to a temperature gradient of 930°C to 850°C257

for 48 hours yielding CrSBr crystals several mm in length. The detailed synthesis and cleaning procedure can be258

found in Ref. [13].259
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Transport Device fabrication: Exfoliated CrSBr crystals were bonded to a 16-pin DIP socket using low temperature260

non-conducting epoxy (Loctite EA 1C). Direct electrical connections to the sample were made by hand with silver261

paint.262

Transport measurements: Longitudinal resistance of a smaple CrSBr crystal was measured in a two-terminal configu-263

ration using an SRS830 lock-in amplifier to source voltage and measure current using a 17.777 Hz reference frequency.264

Variable temperatures between 1.6 K and 300 K were achieved in a Janis pumped 4 He cryostat. The measured265

conductivity is reported in A44. Its low value shows that the CrSBr top flake in our device can be considered as266

insulating at 20 K and do not contribute to the conduction.267

IX. FABRICATION268

A. Exfoliation269

The graphene and the CrSBr were exfoliated on Si subtrates with 285 nm SiO2 on the surface. The subtrate used for270

the graphene exfoliation was cleaned with oxygen plasma reactive ion etching (RIE) to remove adsorbates and create271

dangling bonds, which enhances the adhesion between the substrate and the graphene. The substrate used for the272

exfoliation of CrSBr was simply annealed at 500◦C to remove the adsorbates. .273274

275

The tapes loaded with the graphene and CrSBr flakes were repeatedly stuck to another piece of tape and peeled off276

slowly at a small angle, and after 4-5 repetitions they were stuck to the cleaned wafers, then placed in an oven at277

70◦C for 10 minutes. Afterwards the tapes were peeled off slowly at a small angles. We then observed the flakes under278

optical microscopes, and searched for bilayer graphene and CrSBr flakes of suitable size. We identified the bilayer279

graphene by comparing its optical contrast relative to the background with the contrast difference in multi-layer280

graphene with exposed steps.281

B. Pickup and transfer282

Here we used the conventional stamp transfer methods to stack the flakes. We placed a polydimethylsiloxane (PDMS)283

stamp on a glass plate and covered it with a PC film as an adhesive layer, and mounted it on a mechanical arm of284

the transfer stage. The Si wafer with the CrSBr flake was placed on the stage and slowly raised up to the stamp until285

it made contact. The stage was then heated to 70◦C to expand the contact area till the PC film covered the flakes,286

then it was cooled off to 45◦C, at which point the wafer was pulled away from the stamp, we then selected a suitable287

CrSBr flake from those that were attached to the PC film on the stamp. Afterwards we replaced the wafer with the288

one holding the graphene flake, the stage was adjusted to align the flakes, then we raised the wafer stage to bring289

the flakes into contact. The stage was heated to 180◦C to melt the PC film, thus depositing the CrSBr flake on the290

graphene. To finish the transfer, the wafer was washed in chloroform to dissolve any PC residue on the surface.291292

C. Electron Beam Lithography (EBL)293

The wafer was then spin coated at 4000 rpm with a 950K polymethylmethacrylat (PMMA) solution. The EBL was294

done in two steps. For time saving, the large square contact pads seen in FIG. A48 were exposed with an electron295

beam of 60 µm aperture, 10 keV acceleration energy and 160 µC/cm2 dosage, in a write field of 2mm x 2mm. For296

the sake of precision, the inner contacts which touched the graphene directly were exposed with a 10 µm aperture,297

30 keV acceleration energy and 340 µC/cm2 dosage in a 200µm x 200µm write field. In between the two exposure298

steps the sample was developed in a (1:3) MIBK/IPA solution to reveal the previously exposed areas, which served299

as markers for the fine calibration of the second exposure step.300

D. Electron beam deposition (EBD)301

Titanium (Ti) and gold (Au) were used to make the bilayer metallic electrodes with thicknesses of 5 nm and 55 nm,302

respectively. An important parameter in the EBD process is the deposition rate. High rates of deposition usually lead303

to the formation of islands and non-uniform films. Hence, the deposition rates of 0.5 Å/s and 1-3 Å/s are maintained304

for Ti and Au, respectively.305
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FIG. A45: (a)-(b) Schematic showing the exfoliation of graphene and CrSBr flakes on Si/SiO2 substrate using the
scotch tape. Due to structural anisotropy in CrSBr, it tends to exfoliate into rectangular flakes. The longer side

corresponds to the crystallographic a-axis, whereas the shorter side corresponds to the b-axis. (c) Optical microscope
image of few-layer graphene flakes. Inset shows the magnified image of a bilayer flake. (d) Optical microscope image

of CrSBr flakes. Inset shows the magnified image of a single flake. a and b represent the crystallographic axes.

FIG. A46: (a) Schematics of a flake transfer stage with a glass plate containing PDMS (w/ PC film) stamp to pick
up the CrSBr flake and transfer it on top of graphene on Si/SiO2 substrate. The transfer stage has a built-in heater,
micromanipulator, and microscope objective. Both glass and the stage can be moved separately to bring the PDMS
stamp and the flake on the substrate into appropriate contact. The stage can also be rotated to align the graphene

flake with the CrSBr flake. (b) Optical microscope image of CrSBr/Gr heterostructure after the flake transfer
process and the removal of PC film residue.

E. Reactive Ion Etching (RIE)306

The final fabrication step was the removal of excess graphene. We used the EBL process again, this time to expose307

the area over the graphene that are not covered by the electrodes and the CrSBr flake, leaving a Hall bar shaped308

island of PMMA over the device that served as an etching mask. We then performed oxygen plasma RIE for 20309
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seconds, with 40 W plasma power, thus shaping the graphene into the shape of a Hall bar. The complete overview310

of the fabrication process is shown in FIG. A47, while the device after each intermediary step is shown in FIG.A48.311

Finally the PMMA etch mask is washed away in acetone.312313314
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FIG. A47: An overview of the device fabrication with electron-beam lithography (EBL) and electron beam physical
vapor deposition (EBPVD or EBD) techniques, including the reactive ion-etching (RIE) to shape the graphene flake

into the Hall bar structure.
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FIG. A48: Optical microscope images showing various steps in the fabrication process of device T9. (a) Mechanically
exfoliated CrSBr flake transferred on the graphene flake using PC/PDMS stamp. (b) E-beam exposure of PMMA to
form the outer contact pads. (Inset: Optical image of the CrSBr/Gr flakes.) (c) The AutoCAD design pattern of

the (inner) contacts in a Hall bar geometry. (d) E-beam exposure of PMMA. (e) E-beam deposition of Ti(5
nm)/Au(55 nm) electrodes to form 1.2 µm wide (inner) contacts, the same dimension as the spacing between them.
(f) Deposition of PMMA and e-beam exposure to etching away the extra graphene flake and shape it in Hall bar.


