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In this Letter, we report the discovery of giant room-temperature odd-parity magnetoresistance
(OMR) in a bilayer graphene (BLG) heterostructure interfaced with CroGey;Teg (CGT). We show
that the OMR is electrostatic gate-voltage tunable, exhibiting maximum value near the graphene
band edges and diminishing rapidly with increasing charge carrier density. Our theoretical analysis
reveals that the OMR originates from the coupling of out-of-plane components of Berry curvature
and orbital magnetic moment with the applied magnetic field, signaling intrinsic time-reversal sym-
metry (TRS) breaking in the system. This TRS breaking persists at room temperature within the
CGT/BLG heterostructure despite the bulk CGT exhibiting ferromagnetic transition at 65 K. Our
study opens new avenues for probing band geometric phenomena through magnetotransport mea-
surements, especially in quantum materials where the anomalous Hall effects are immeasurably small
due to the extrinsic scattering-dependent contributions canceling Berry curvature contributions.

Introduction:— Magnetotransport measurements are es-
sential tools for probing the symmetry and band topol-
ogy of materials [1]. Such studies have led to remark-
able technological breakthroughs; examples include giant
magnetoresistance and tunneling magnetoresistance for
advanced storage and memory devices [2-4]. Typically, in
high magnetic fields, materials exhibit oscillating magne-
toresistance (Shubnikov-de Haas effect), which provides
insights into their band properties [5-7]. At low mag-
netic fields, the longitudinal magnetoresistance Ry, (B)
in non-magnetic materials follows Onsager’s reciprocity
relation, R.p(B) = Rpa(—B). This results in symmetric
longitudinal and mixed (symmetric/antisymmetric) off-
diagonal components of resistivity [8, 9].

However, this conventional understanding fails in sys-
tems that intrinsically break time-reversal symmetry
(TRS), where an antisymmetric, linear-B longitudinal
magnetoresistance emerges [10-26].  This odd-parity
magnetoresistance (OMR) is a definitive signature of the
intrinsic TRS breaking in quantum materials, and it of-
fers a critical probe of electronic band topology. The
TRS breaking in magnetic systems is also probed by the
Berry curvature-driven anomalous Hall effect (AHE) [27].
However, extrinsic scattering contributions to the AHE
can sometimes negate the Berry curvature contribution
and make the AHE signal vanishingly small [28-30].

In this Letter, we report a giant OMR in bi-
layer graphene (BLG)/CryGesTeg (CGT) heterostruc-
ture, reaching up to 40% at room temperature — the
highest reported to date [23]. We demonstrate that this
OMR is gate-tunable, peaks near the band edges, and
diminishes with increasing charge carrier density. Re-
markably, no significant hysteresis in magnetic measure-
ments or AHE is observed, and the sign of the OMR re-
verses between the device edges [25]. Our analysis shows

that this OMR arises from the out-of-plane Berry cur-
vature and orbital magnetic moment in the TRS-broken
BLG/CGT system, enabled by proximity-induced mag-
netic exchange coupling [31-33]. Our findings position
OMR as a powerful tool for detecting TRS breaking
in quantum materials, particularly in cases where the
anomalous Hall signal is too small to be detected.

We fabricated the heterostructures of CGT/BLG/hBN
on SitT/SiO, substrates using the dry transfer tech-
nique [34]; see Supplemental Material (SM) Section S1
for fabrication details. In this Letter, we present the
data from a device labeled D1. We compare the data
with those from a heterostructure of hBN/BLG/hBN (la-
beled D2). Data for other CGT/BLG/hBN devices are
provided in SM Sections S6 and S7. Electrical trans-
port measurements were conducted using a low-frequency
lock-in detection technique at a variable temperature
cryostat at a bias current 10nA. CGT is an electrical in-
sulator at low temperatures [35]. Consequently, electrical
transport only takes place through the bilayer graphene
channel. The dual-gated geometry allows independent
control of the charge carrier density n and the vertical
displacement field D.

Charge transfer between BLG and CGT:- The varia-
tion of the longitudinal resistance with gate voltage shows
that the charge neutrality point of the BLG is shifted
to a positive gate voltage (Sec. S2 of SM), indicating
that the BLG is hole-doped as a result of charge trans-
fer occurring at the interface with CGT [36-40]. Hall
resistance measurement confirms that the hole-doping is
no = —9.6 x 10 m~=2 (Fig. S2(b) of SM). Such large
charge transfer between CGT and graphene has been
noted in previous studies [36, 40]. The charge transfer
magnitude increases with increasing CGT thickness; see
Fig. S2(c) and Table S2 of SM. Contrast this with the
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FIG. 1. Device characteristics and antisymmetric magnetoresistance: (a) Contour plot of longitudinal magnetore-
sistance Rzq in n — B plane. (b) Contour plot of transverse magnetoresistance Ry, in n — B plane. The white dashed lines
in (a) and (b) indicate the characteristic quantum Hall states of bilayer graphene that appear at Landau level filling factors
v = 4N with N € I. (c) Comparison of the longitudinal magnetoresistance Ris65 = (Vo5/I14) for a hBN/BLG/hBN het-
erostructure (red line; right-axis) and a hBN/BLG/CGT heterostructure (teal line, left-axis). The data were measured at
2 K. Inset: Schematic of the device showing the contact numbers and measurement configurations. (d) Plot of the symmetric
component of the magnetoresistance Rty g5 = [R14,65(B) + Ria,65(—B)]/2 versus B for the hBN/BLG/CGT device. (e) Plot
of anti-symmetric component of the magnetoresistance Riiss = [R14,65(B) — Ri4,65(—B)]/2 versus B for the hBN/BLG/CGT

device.

R-V, plot of device D2—the charge neutrality point is at
V, = 0.04 V indicating negligible ny = —1.53 x 10'* m~2
(Sec. S2 of SM).

Fig. 1(a) and Fig. 1(b) are plots of the longitudinal
resistance R, and the transverse resistance Ry, as a
function of the carrier density n and magnetic field B.
The white dashed lines mark the signature quantum
Hall states of bilayer graphene occurring in multiples
of four, establishing that the electrical transport in this
heterostructure occurs through the BLG channel. The
Landau fan diagram starts from n ~ 8 x 10 m~2, es-
tablishing again the hole-doping of the BLG channel by
CGT.

Observation of room temperature OMR:— In Fig. 1(c),
the solid teal line represents the plot of the longitudinal
magnetoresistance Ri4,65(B) as a function of the mag-
netic field B measured at n = —6.28 x 10'® m~2. The
notation R;; i (B) indicates that the current is driven
between the probes ¢ and j in the presence of a perpen-
dicular magnetic field B. At the same time, the potential
difference is measured between the probes k and [ (see in-
set of Fig. 1(c)). Surprisingly, the magnetoresistance has
a significant asymmetry in the B-field. In contrast, the
longitudinal magnetoresistance measured for the pristine
bilayer graphene encapsulated between hBN layers, D2,

is symmetric in the B-field (Fig. 1(c) right-axis; solid red
line).

Figure 1(d) is a plot of the symmetric (even-parity)
component of longitudinal magnetoresistance, defined
as R§4,65 = [R14765(B) + R14765(7B)]/2. The antisyrn—
metric component R1A4S765 = [R14765(B) - R14765(7B)]/2,
which we call OMR, is presented in Fig. 1(e). We note
two essential characteristics of the OMR. Firstly, its
change with the magnetic field is enormous, approaching
40% at 14 T (Fig. S3(a) of SM). This value is the highest
reported to date [14, 25], see SM Table S1. Secondly, the
OMR is linearly dependent on the B field (onto which
quantum oscillations are superimposed). Note that we
do not observe any hysteresis in the magnetoresistance
of the BLG/CGT devices down to 2 K (see Sec. S3 and
Fig. S3(c) of the SM for data).

We observe a strong electrostatic gate control on
the magnitude of OMR. In Fig. 2(a), Ri*4s765 is
plotted for three different charge carrier densities
n=—6x101% m~=2 (green curve), n = —2 x 106 m=2
(purple curve) and n = —1 x 10*® m~2 (red curve). One
can see that the OMR depends strongly on the density of
hole doping of the BLG channel. We quantify the mag-
nitude of the OMR using the parameter o« = deAj’Skl /dB
and find that the magnitude of o decreases rapidly with
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FIG. 2. Number density and temperature dependence of OMR: (a) Plots of the Rﬁs,% versus B at three representative
number densities; n = —6 x 10'® m~2 (green curve), n = —2 x 10'® m™2 (purple curve), and n = —1 x 10'® m~2 (red curve).
The measurements were done at T’ = 2 K. (b) Plot of & = (dRz./dB) versus n; the measurement was performed at B = 5 T and
T =2 K. Inset: Plot of @ = (dR45/dB) versus energy E. We consider E ~ (h*k?)/(2m) where k ~ /27n. n is extracted from
Hall measurements. Effective mass of BLG is m ~ 0.034me [41], with m. being the electronic mass. (c) Plots of R{{g5 versus
B at a few representative temperatures between the 7= 2 K and T = 360 K. The data were taken at n = —2 x 10*® m~2.
(d) Plot of « versus T measured at B = 5 T and n = —2 x 10'® m~2 (blue filled symbols). The red line shows the fit to
a = ag(l —T./T)?. (e) Calculated antisymmetric component of the magnetoconductivity versus n considering B = 1 T and
7 = 1 picosecond. (f) Calculated antisymmetric component of the magnetoconductivity versus T' considering B = 1 T and
7 = 1 picosecond.

increasing |n| (Fig. 2(b)). The magnitude of «a decreases
significantly as the energy goes from 50 meV to 100 meV,
with a reducing to 1/10" of its maximum value. (inset
of Fig. 2(b)). This observation establishes that the OMR
is maximum at the band edges, providing the first clue
about its origin.

Fig. 2(c) shows the plot of R{y¢; versus B at different
temperatures ranging between 2 — 360 K measured at a
hole number density |n| = 2 x 10'® m=2. As expected,
the SdH oscillations disappear at higher temperatures.
Surprisingly, the amplitude of R{}¢; remains almost un-
changed till about T" = 250 K before beginning to fall
precipitously, finally disappearing at around 7" ~ 360 K
(see Fig. 2(d)). The observation of a gate-tunable giant
OMR, which persists till room temperature and beyond,
is the central result of this Letter.

Before we comprehensively explain the origin of the
OMR, we rule out two artifacts that can lead to an OMR.
A trivial origin of OMR in semiconductors is inhomo-
geneities in the device where a part of the transverse
Hall voltage is reflected along the longitudinal direction
of current flow [42-44]. In SM Sec. S4, we rule out this
interpretation. Another possible origin can be intermix-
ing from the Hall signal. We exclude this possibility by
noting that « has the same sign for electron and hole-

doping of BLG while R,, changes its sign between these
two regimes (see Sec. S5 of SM).

Berry curvature induced OMR:— The OMR in TRS
broken systems can be understood from a semi-classical
transport framework, including the co-existence of topo-
logical bands and magnetic order. Using the Boltzmann
transport formalism, we show that the linear-in-B lon-
gitudinal conductivity arises from the orbital magnetic
moment and band geometric quantities such as the Berry
curvature. Assuming the source-drain bias to be in the
z-direction, we obtain the linear longitudinal magneto-
conductivity, o25(B), to be (see Sec. S8 of SM for de-
tails)

e3r

o= —2r [ urios o+ S [ (@ B)tios, £y
p.k p,k

vetr [ 100 [0 m- B 12+ - B)0R, £2]0)
p,k

For brevity, we denote fp _—> (ng’)CZ

explicitly mention the band index p in the physical quan-
tities. In Eq. (1), v° = VgEy/h is band velocity, and
v"™ = Vi(—m - B)/h is the correction to band velocity
arising from the coupling of the orbital magnetic mo-
ment m to the magnetic field. 7 is the scattering time,

and we do not
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FIG. 3. Current and parallel magnetic field dependence of antisymmetric magnetoresistance: (a) Plots of RXIA4S765
for different bias currents ranging from 4nA — 1uA. Each plot has been vertically offset by 5 Q for clarity. Inset: Plot of «
versus I showing the independence of the OMR on the magnitude of I. (b) Plots of Rf4s,65 (solid red line) and Rff:% (open blue
symbols). (c) Plots of R{S 3, versus B for different values of the angle § between the magnetic field and the perpendicular to
the plane of the device (see inset of the figure). All the measurements were done at 2 K.

and fg is the equilibrium Fermi-Dirac distribution func-
tion. Interestingly, €2, m and v° (v™) are odd (even)
functions of k in presence of TRS. Consequently, all the
integrals in Eq. (1) become an odd function of k and
vanish in systems preserving TRS, consistent with On-
sager’s reciprocity relation. Hence, the Berry curvature
and orbital magnetic moment-induced linear-B longitu-
dinal magnetoconductivity can only be finite in a TRS-
broken system. Several other theoretical models have
been proposed to explain OMR. However, none of these
frameworks can account for the OMR observed in our
samples (see the Appendix for details).

In Fig. 2(e), we present the theoretically calculated
variation of the antisymmetric magneto-conductivity
(025  pA5 x B) with the hole density |n| for the model
Hamiltonian (see Sec. S8 of SM) of bilayer graphene prox-
imitized with a single layer of CGT [45]. We observe that
oS (and, consequently, the antisymmetric part of the
resistivity, pA5 ~ 0258 /59 ) decreases with increasing
number density. Here, p3,  and o5 are the symmetric
part of the longitudinal resistivity and the conductivity,
respectively (see SM Sec. S8 for more details). The above
analysis qualitatively captures our experimental finding

of a decreasing on increasing |n|, shown in Fig. 2(b).

Signature of magnetic phase transition in OMR:— The
T-dependence of OMR hints at a large enhancement of
the magnetic ordering temperature in bilayer CGT on
bilayer graphene heterostructure. This is similar to the
dramatic Curie temperature enhancement observed in

ultra-thin 2D materials due to substrate effect [46-50].
To explain the observed T-dependence of o, we make
an implicit assumption that the OMR is proportional to
the magnetization in the system [51]. As T approaches
the critical temperature T, the magnetization of the sys-
tem should vanish as M = My(1 — T,./T)? (B being the
critical exponent quantifying the dependence of M on
T). The intrinsic time-reversal symmetry of the sys-
tem is restored for T' > T, in the paramagnetic phase
where M = 0. Consequently, the antisymmetric part
of the magnetoconductivity should become zero beyond
the critical temperature. In the spirit of the above ar-
gument, we fit the data in Fig. 2(d) with the relation
a = ao(l — T./T)%; the fits yield T. ~ 350 K and
B ~ 0.198. This value of 8 matches very well with that
previously extracted from magnetization measurements
in CGT; § = 0.240 £ 0.006 [52]. We show a plot of the
calculated antisymmetric magnetoconductivity o5 ver-
sus T in Fig. 2(f) using these experimentally obtained
values of T, and 3 for the proximity induced magnetiza-
tion. The resulting dependence of calculated 025 on T
captures the experimental data exceptionally well.

Fig. 3(a) is the plot of R{; for different values of
bias current I measured at 2 K; the plots have been ver-
tically offset by 5 Q for clarity. The magnitude of OMR
is independent of the strength of the driving current var-
ied over several orders of magnitude, as is apparent from
the plot of « versus I (inset of Fig. 3(a)). Furthermore,
Fig. 3(b) compares Rﬁs,% (the current is driven from con-



tact 1 with contact 4 grounded) and R{54 (the current
is driven from contact 4 with contact 1 grounded); these
two plots overlap perfectly. These observations estab-
lish the OMR as a reciprocal, linear response transport
phenomenon with an origin distinct from recent reports
where the OMR had a strong current dependence [25].

In 2D materials, only the out-of-plane component of
the orbital magnetic moment (m,) and the Berry curva-
ture (£2,) are finite. The m, couples to the out-of-plane
magnetic field and modifies the band energy via Zeeman-
like coupling: E — (Ey — m - B). Similarly, a term
x Q- B modifies the phase space volume element (see
Eq. (1) and Sec. S8 of SM). Thus, the in-plane component
of the magnetic field should play no role in the observed
antisymmetric longitudinal conductivity (or resistivity)
induced by the m, and ,. We verified this assertion
by measuring OMR in a tilted magnetic field. For these
measurements, the device was rotated with respect to the
magnet’s axis. One can see from Fig. 3(c) that for a given
value of the perpendicular component of the magnetic
field, B, , the OMR is independent of the angle between
the magnetic field and the perpendicular to the plane of
the device, 8 (and consequently of the parallel component
of the magnetic field, B)). This independence of OMR
on B further validates the consistency of our theoretical
understanding with the experimental observation. It also
rules out other possible spin-based mechanisms [25, 53]
of generating OMR via the spin-Zeeman coupling (see
Sec. S9 of SM for more details).

In Fig. 4(a), we plot the OMR measured for the bottom
edge (red curve, Ri465) and the top edge (black curve,
Rfff%) of the device. The OMR switches sign between
the two edges. Given that the direction of the current
and the magnetic field in these two measurements re-
main identical, the flipping of the sign of OMR between
the two edges indicates the presence of trivial 1-D edge
modes in addition to the 2-D bulk mode [25]. Such triv-
ial non-topological edges have been observed in etched
graphene devices and attributed to charge accumulation
at the edges [54]. We do not completely understand the
origin of these trivial edge states in our CGT/BLG de-
vices. On the other hand, as detailed in Ref. [25], the
2-probe longitudinal resistance Ri4,14 must be B-field
symmetric; Fig. 4(b) establishes that this indeed is the
case.

Conclusion:— Bilayer graphene (BLG) in proximity to
a magnetic insulator, such as CroGeyTeg, can exhibit the
anomalous Hall effect and exchange splitting during field
cooling experiments. However, the anomalous Hall sig-
nal can become difficult to detect in ultra-thin ferromag-
netic layers due to possible cancellation between Berry
curvature and extrinsic scattering-dependent contribu-
tions. We demonstrate that odd-parity magnetoresis-
tance (OMR) provides a robust alternative for detecting
broken time-reversal symmetry in these systems. Our
observation of OMR in BLG/CGT heterostructures at

Al
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FIG. 4. Edge property of antisymmetric magnetoresis-
tance: (a) OMR measured at the two opposite edges of the
channel; Rf4s,23 (black curve) and Rf4%65 (red curve). (b) Plot
of the 2-probe longitudinal magnetoresistance Ri4,14 versus
B. The 2-probe resistance does not have any antisymmetric
component. The measurements were doneat T'= 2K, § = 0°,
and n = —1 x 1016 m~2.

room temperature is significant, and it arises from the
interplay between band geometric properties and mag-
netic exchange interaction induced by CGT.

Crucially, our findings suggest that magnetic ordering
in the BLG/CGT heterostructure persists up to room
temperature despite the ferromagnetic Curie tempera-
ture (T¢) of bulk CGT being around 65 K. The sub-
stantial enhancement of T arising from strain and sub-
strate effects has been predicted in a variety of mate-
rials [49, 50, 55-61]. This highlights a promising ap-
proach for increasing T¢ in low-dimensional ferromag-
nets. Our discovery motivates further explorations of
the magnetic and topological properties of the BLG/2D
ferromagnet heterostructures, unlocking new avenues for
next-generation magnetic sensing and memory devices.
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END MATTER

Appendiz: Possible mechanisms of OMR— In this
Appendix, we discuss some of the existing theories of
linear- B magnetoresistance and explain why they do not
account for our experimental observations.

Parish-Littlewood model: ~ The Parish-Littlewood
model explains the OMR in a large inhomogeneous sys-
tem [62]. In the presence of significant inhomogeneity in
the system, the current flow gets distorted, and a part
of the transverse Hall current appears in the longitudinal
direction, which is linear in a magnetic field. This cur-
rent flow pattern gives rise to the linear MR. However,
our analysis shows no significant inhomogeneity, which
can cause linear MR. The carrier density inhomogeneity
can also cause the linear B MR, observed in semiconduc-
tors [42]. As discussed in Sections S4 and S5 of the SM,
the inhomogeneity pictures can not explain OMR in our
devices.

Abrikosovs quantum theory: Abrikosov’s quantum the-
ory predicts linear-in-B MR for the systems in the ex-
treme quantum limits [63, 64]. Only the lowest Landau
level should be filled in the extreme quantum limit, re-
quiring very low carrier density and temperature. Our
experimental observation of room temperature OMR
down to a very low magnetic field regime rules out
Abrikosov’s quantum theory as a possible explanation
for antisymmetric MR.

Guiding center motion: In Ref. [65], Song et al. pro-
posed a semiclassical mechanism for linear-B-MR, where
the guiding center motion dominates charge transport.
Specifically, when the disorder potential varies on a scale
that is large compared to the cyclotron radius, the Hall
angle (04 /04,) can become independent of the magnetic
field. The longitudinal MR can be written as p,, =
Ui:’ﬁ = agTy with G = %, tanfy = 04y /04s-
Consequently, when tan 6y is independent of B, and us-
ing the relation o, = ne/B, we can see that the pg,
becomes linear in B. As explained in Ref. [65], the the-
ory only works for three-dimensional materials. Hence,
this theory does not concern our experimental system
and can not explain the observation of OMR.

Hotspot scattering in charge density wave phases: An-
other theory for linear MR is the ‘hotspot’ theory in the
charge density wave phase of materials [66—68]. The elec-
tron scattering around the ‘hotspot’ of the Fermi surface
in the presence of CDW fluctuations leads to the lin-
ear field dependence of the scattering time. The field-
dependent scattering finally gives rise to the linear-B-
MR. However, no experimental evidence of a charge den-
sity wave phase in the graphene/CGT system has been
found. Therefore, the ‘hotspot’ theory of electron scat-
tering is not applicable to our experimental results.

Linear band structures and spin-Zeeman coupling: In
Ref. [53], a phenomenological model for linear MR was

proposed based on linear band structure. It was argued
that for linear bands, the change in spin-Zeeman energy
modified density of states (at the Fermi level) between
two spin channels with the magnetic field is linearly pro-
portional to the applied magnetic field. This gives rise
to the MR o B in systems where electron-phonon scat-
tering dominates (scattering time oc DOS™!). In the
bilayer graphene system, the low-energy bands are ap-
proximately quadratic in the crystal momentum. Thus,
Zeeman splitting modified linear band structure theory
for linear-B-MR fails to capture our experimental obser-
vations.

In Ref. [25], the OMR in the 1D edge channel of
InAs/(Ga, FeSb) heterostructure was explained to arise
from the spin-Zeeman coupling. The magnetic field mod-
ifies the band energy via the spin-Zeeman coupling term.
Asymmetric scattering between two helical spin-orbit
coupled bands makes the Drude conductivity linearly
magnetic field dependent. When the OMR is associated
with the spin-Zeeman term, we expect it to be sensitive to
the in-plane and out-of-plane magnetic field components.
However, as mentioned earlier, the OMR in BLG/CGT
is insensitive to the in-plane magnetic field component,
which rules out the theory of OMR presented in Ref. [25]
for our system.

These analyses rule out all aforementioned mechanisms
as explanations for the observed OMR in our BLG/CGT
devices. Instead, our results are best explained by the
band geometry induced linear-B magneto-conductivity
in the presence of time-reversal symmetry breaking due
to the magnetic proximity effects, as detailed in the main
text and SM.
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