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Magnetic proximity effect in graphene coupled to a BiFeO3 nanoplate
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Graphene, a very intriguing two-dimensional Dirac electronic system with high carrier mobility, is promising
for spintronics. However, the long-range ferromagnetic order is always absent in pristine graphene. Here we
report the fabrication and transport properties of graphene-BiFeO3 heterostructures. It is found that the magnetic
proximity effect results in a strong Zeeman splitting in graphene with the exchange field up to hundreds of
tesla. The ν = 0 quantum Hall state of graphene is further transformed into a ferromagnetic state or a canted
antiferromagnetic state in the presence of a perpendicular magnetic field. Our findings in graphene/BiFeO3

heterostructure are therefore promising for future spintronics.
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I. INTRODUCTION

Graphene is one of the promising spintronic materials due
to its high carrier mobility and long spin diffusion length
[1–21]. However, the absence of notable spin-orbit coupling
and ferromagnetic order in graphene limits its prospect in
spintronics [1–21]. Two-dimensional (2D) materials such as
graphene are predicted to experience strong exchange field
in hybrid heterostructures with magnetic materials [20–22].
Because monolayer graphene has a strong hybridization
with neighboring material, its electronic structure can be
significantly modulated by proximity effect [22–24]. Recently,
a large exchange field was observed in graphene coupled to
ferromagnetic thin film [23,24]. Wang et al. fabricated the
devices by transferring the graphene devices using polymethyl
methacrylate (PMMA) onto the yttrium iron garnet (YIG)
ferromagnetic thin film and observed the anomalous Hall
effect in such devices [24]. Wei et al. fabricated the devices
by depositing EuS thin film on the graphene devices and
observed the Zeeman spin Hall effect [23]. Qiao et al.
theoretically predicated that a large exchange field can also
exist in graphene-BiFeO3 (BFO) heterostructures and the large
exchange splitting can be up to 70 meV (corresponding to
exchange magnetic field ∼580 T) [21].

Here we report the fabrication and transport properties of
graphene/BiFeO3 heterostructures. The BFO nanoplate was
stacked on the mechanically exfoliated graphene on a Si/SiO2

substrate by a dry transfer method, in order to avoid the
possible contamination from PMMA transfer technique and
avoid the possible damage of graphene from the deposition
of magnetic thin film. We demonstrate the large Zeeman
splitting induced by exchange field in the graphene-BFO
heterostructures via nonlocal measurements. Moreover, we
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find that the graphene ground state (ν = 0 quantum Hall
state) in the graphene-BFO heterostructures is dramatically
changed as applying an external magnetic field, which can be
interpreted within the frame of quantum Hall ferromagnetism
(QHFM).

II. METHODS

Material preparation. BFO bulks were grown by hy-
drothermal method [25], and then the bulks were smashed
into nanoplates by ultrasonic wave. Graphene samples were
acquired by a micromechanical cleavage method on Si wafers
with a 285 nm SiO2 coating layer. The TEM characterizations
were performed in a FEI Tecnai F20 transmission electron
microscopy.

Fabrication of the devices. The fabrication details about
the stacking of BFO nanoplates on monolayer graphene on
a Si substrate with a 285 nm SiO2 layer were described in
Fig. 1. The BFO nanoplates were transferred onto graphene
by a micromanipulator similar with other works [26]. Pd/Au
electrodes (5 nm/80 nm) were fabricated after a series of
processes containing electron beam lithography (EBL), metal
deposition techniques, and lift-off.

Transport measurements. The magnetotransport measure-
ments were performed in a modified Oxford dilution refrigera-
tor which can also provide 14 T magnetic field and temperature
down to 95 mK. The nonlocal and four-terminal electrical
measurements were carried out through lock-in amplifiers by
applying 0.1 μA current with a locked frequency of 17.7 Hz.

III. RESULTS AND DISCUSSION

The interface of the graphene-BFO hybrid devices is illus-
trated in Fig. 2(a). The BFO nanoplates are single crystals. The
measured lattice spacing of d = 0.402 nm matches the spacing
of the (012) lattice plane of a rhombohedral phase BiFeO3
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FIG. 1. Fabrication of BiFeO3-graphene hybrid devices. The BiFeO3-graphene hybrid transistors were fabricated as following processes.
(a) Monolayer graphene sheets were exfoliated by scotch tape method on Si substrate with a 285 nm SiO2 layer. (b) BiFeO3 nanoplates grown
by hydrothermal method were transferred onto graphene by a micromanipulator. (c) Electron beam lithography (EBL) and electron beam
evaporation techniques were used to fabricate Pd/Au (5 nm/80 nm) electrodes. (d) Hall-bar structure was shaped by oxygen plasma etching
after another round of EBL.

crystal, as shown by the transmission electron microscopy
(TEM) image in Fig. 2(b). The BFO surface contacted to
graphene is the (100)c pseudocubic crystal plane. It has been
reported that the BFO single crystal thin film exhibits weak
ferromagnetism as a result of the canted spin structure [27,28].
Although the BFO (100) plane facing the graphene is not
the preferred (111) plane where the Fe ions are aligned

FIG. 2. Characterization of BiFeO3/graphene heterostructure.
(a) Diagram of the crystal structure of BiFeO3/graphene hybrid
heterostructure. Red atoms: oxygen; dark gray atoms: iron; purple
atoms: bismuth; light gray atoms: carbon. (b) High resolution TEM
image of a typical BiFeO3 nanoplate. Scale bar: 2 nm. (c) Diagram
for the device. (d) Back-gate voltage dependence of resistivity of
the BFO/graphene hybrid device. Inset: Optical image of a typical
BFO/graphene hybrid transistor. The scale bar is 2 μm.

ferromagnetically [21], the substantial exchange interaction
between graphene π orbitals and the 3d orbitals of the Fe layer
in BFO may still have a notable effect. In our experiments, an
external magnetic field was further applied to produce the net
magnetic moments on the (100) plane.

The schematic diagram of a typical BFO-graphene device
with Hall bar configuration is shown in Fig. 2(c). The channel
length of the Hall bar between the two-voltage leads is L =
4 μm and the width is W = 3.24 μm. The mobility of the
hybrid device is ∼104 cm2/V s calculated from the transfer
curve shown in Fig. 2(d).

For the graphene system with large exchange field, strong
Zeeman splitting can be expected. A band structure diagram
for spin-polarized graphene with strong Zeeman splitting is
illustrated in Fig. 3(a). The spin-up and spin-down subbands
are separated by the exchange field induced Zeeman split-
ting [20,21]. The Dirac cones of corresponding spin are lifted
towards opposite directions, and a simultaneous concentration
of spin-up holes and spin-down electrons is produced as the
Fermi level lies between the Dirac points [29–32]. The Zeeman
splitting can cause an obvious nonlocal signal, which is sharply
enhanced near the Dirac point [29–32]. As shown in Fig. 3(b),
two nonlocal measurement configurations are used to probe
the nonlocal current. Figures 3(c) and 3(d) show the back-gate
voltage (Vg) versus nonlocal resistivity (Rnl) under 0 and 0.5 T
perpendicular magnetic field, respectively. For B⊥ = 0, there
are almost identical nonlocal signals for the two measurement
configurations [Fig. 3(c)]. The Ohmic contribution to the
nonlocal signal
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FIG. 3. Low field nonlocal measurement results. (a) Diagram for graphene band structure containing Zeeman splitting. Red (green) arrow
denotes spin-up (spin-down). (b) Schematics for measurement configurations 1 and 2. (c) and (d) Nonlocal resistivity measured under external
magnetic field of 0 and 0.5 T, respectively, with configurations 1 (blue) and 2 (red).

based on the van der Pauw formalism [29–32], is displayed
by a dashed line, indicating the nonlocal signal is evidently
enhanced compared to the classical Ohmic leakage. We
propose that spin polarization induced by the exchange field
may give rise to spin Hall effect leading to the nonlocal signals
under B⊥ = 0 T [1,32].

For B⊥ = 0.5 T, the nonlocal resistance (Rnl = Vnl/I ) near
the Dirac point has opposite behavior for the two measurement
configurations, affirming significant influence of Lorentz force
on the nonlocal transport. The Rnl detected by configuration
2 is quite close to the Ohmic contribution at the Dirac point.
However, the nonlocal resistance of configuration 1 is much
stronger than the Ohmic contribution. According to the fact
that electrons and holes move oppositely in the applied source
current, the Lorentz force drives the two types of carriers along
the same direction in the Hall bar channel. For configuration
1, the electrons and holes diffuse to the remote area and
then are separated oppositely due to the Lorenz force by the
external magnetic field, resulting in the voltage drop between
the two voltage probes and the nonlocal resistance [29–32].
For configuration 2, the electrons and holes near the Dirac
point cannot reach the graphene area with the nonlocal probes,
and the nonlocal signals will be sharply suppressed. The
large Zeeman splitting in graphene is further confirmed by
the nonlocal measurement results while changing the polarity
of the magnetic field (Fig. 4). As shown in Fig. 4, the Vg

dependence of the nonlocal resistance measured with negative
magnetic field and measurement configuration 1 is very

similar with that measured with positive magnetic field and
measurement configuration 2. These results are well consistent
with the spin polarization origin of the nonlocal signal, because
the carriers move in the opposite direction by changing the
polarity of the magnetic field.

To further reveal the magnetotransport properties, the back-
gate modulation of longitudinal resistivity (ρxx) was measured
by the four-terminal method using a Hall bar configuration
with B⊥ up to 14 T. We use V ±1

g to label the gate voltage
where Fermi level EF locates at the N = ±1 Landau level
center. When EF lies at the ±1st LL center, the carriers
injected into graphene by gate voltage can be described as
4e2B⊥/h, considering spin and valley degree in graphene. By
the capacitance model we have V1

g = VD + 4e2B⊥/hCSiO2 .
As shown in Fig. 5, the Dirac point position (VD) ∼ 6.2 V
is derived from the dependence between V ±1

g and B⊥.
Accordingly, the filling factor ν can be obtained by

ν = nh
/
eB⊥ = (Vg − VD)CSiO2

e

h

eB⊥
.

The ρxx as a function of ν at different external magnetic fields
is displayed in Fig. 6(a).

As shown in Fig. 6(a), an anomalous resistivity dip exists
inside the N = 0 Landau level (LL) (near ν = 0), enclosed by
two resistivity peaks centered around ν = ±1. The anomalous
resistivity dip activated by low magnetic field is reproducible
in other devices. Under low magnetic field (B⊥ = 0−2 T),
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FIG. 4. Nonlocal measurement results with both positive and
negative magnetic fields. (a) The nonlocal resistance measured with
−0.5 T and measurement configuration 1 (blue curve), and with
0.5 T and measurement configuration 2 (red curve). It is clear
that the Rnl-Vg curves exhibit similar relationship for the two
measurement configurations with opposite polarity of the magnetic
field. (b) The nonlocal resistance measured with 1 T and measurement
configuration 1 (blue curve), with 1 T and measurement configuration
2 (red curve), and with −1 T and measurement configuration 1 (brown
curve).

a negative magnetoresistance behavior is observed at ν = 0
with decreasing ρxx,D (ρxx at ν = 0), and ρxx.D maintains a
quite low value (<1 k�) for B⊥ < 10 T [Fig. 6(b)]. After
B⊥ exceeds 10 T, a dramatic increase of ρxx,D occurs, it
seems that an energy gap is opened inside the N = 0 LL.
These features are totally different from conventional graphene
samples. Nevertheless, the resistivity peaks caused by the
population of N = ±1 Landau level (around ν = ±4), and
the zero resistivity originating from quantum Hall edge states
(around ν = ±2,±6) are clearly displayed as well, showing
typical quantum Hall effect behaviors of graphene. The
magnetic proximity effect mainly affects the ν = 0 states. Cor-
respondingly, the Hall conductivity under B⊥ = 14 T exhibits
typical half-integer Hall plateaus. The sharply divergence of
σxy = ρxx/ρ

2
xx + ρ2

xy near ν = 0 is caused by the anomalous
resistivity dip [Fig. 6(c)]. These features indicate that the
nonzero energy modes remain typical graphene Landau level
structures. Therefore, the intriguing behavior near ν = 0 is
strongly related to the novel electronic structure of graphene
ground state.

FIG. 5. The theoretical predictions (dashed lines) and experi-
mental results (blue triangle: N = +1; green triangle: N = −1) of
N = ±1 LL positions are compared.

The anomalous transport properties inside the N = 0 LL
can be well described by the framework of QHFM theory
[33–37]. The graphene N = 0 LL have three possible phases:
(1) The valley-polarized antiferromagnetic (AFM) phase,
where the ground state is completely insulating with gapped
edge states (�edge = �bulk) [Fig. 6(d)]. (2) The canted anti-
ferromagnetic (CAF) phase, an intermediate phase (�edge <

�bulk) smoothly converts between the above two phases
[Fig. 6(e)]. (3) The spin-polarized ferromagnetic (FM) phase,
where gapless counter-circulating edge states with oppo-
site spin projections exist inside the N = 0 LL (�edge = 0)
[Fig. 6(f)]. The competition between valley isospin anisotropy
energy (u⊥) and Zeeman splitting energy (EZ) determines the
ground state phases of the system [33–37]: EZ � 2|u⊥| for
FM phase, and 0 < EZ < 2|u⊥| for CAF phase. The physical
origin of u⊥ can be traced to the strong Coulomb interactions
within graphene N = 0 LL. Since u⊥ ∼ e2a

l2
B

= e3a
c

B⊥, where

lB =
√

c
eB⊥

(taking h̄ = 1 here) is the magnetic length and a

is a lattice constant scale quantity, it is clear that the u⊥ only
relies on B⊥ [33–37]. The EZ , representing the magnitude of
spin polarization, include the contributions from the external
magnetic field B⊥ and the spin splitting caused by exchange
field. The exchange field has almost no influence on u⊥,
because it cannot affect the orbital energy or the many-body
correlations within LLs [33–37].

Now we can consider the exchange field as an analogical
field Bexc which is nearly irrelevant to the real external
field B⊥, then the total Zeeman splitting energy is EZ =
μB(Bexc + B⊥). We have already verified that exchange field is
introduced into graphene by the proximity effect of BFO, thus
for B⊥ = 0 we have EZ0 = μBBexc > u⊥ = 0. By adjusting
B⊥, the graphene ground state can preserve FM phase under
moderate external field (2|u⊥| � EZ), then transform to CAF
phase under large enough external field (2|u⊥| > EZ). This
scenario fits our results in Fig. 6(a). For B⊥ � 10 T, the edge
states of FM phase induces low ρxx,D , and for B⊥ � 10 T, the
gap opening of CAF phase creates the rise of ρxx,D and an
anomalous resistivity peak emerge near ν = 0.
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FIG. 6. Four-terminal measurement results. (a) Longitudinal resistivity measured by four-terminal configuration under external field from
0.5 to 14 T. For clarity of linear fitting of the LL, the curves are shifted in direct proportion to the applied magnetic field. (b) ρxx ∼ B⊥ evolution
at ν = 0. (c) Transverse conductivity σxy and longitudinal resistivity ρxx measured under 14 T. (d)–(f) Illustrations of the antiferromagnetic,
canted antiferromagnetic, and ferromagnetic phases with spin-momentum locked helical edge states.

The transformation between FM and CAF phases is further
confirmed by nonlocal magnetotransport measurements. Ob-
vious nonlocal resistance is observed at the Dirac point under
large external magnetic field [Fig. 7(a)]. It is worth to note
that a sudden decrease of Rnl near the Dirac point was clearly
observed under B⊥ = 12 and 13 T [Fig. 7(a)], consistent with
the emergence of gapped edge states. It is also found that the
Rnl peak tends to be suppressed from 8 to 13 T [Fig. 7(b)].
As the system transforms from the FM to the CAF phase with
the opening of an edge state gap [33–37], the edge states are
absent within the gap, resulting in the decrease of the nonlocal
signal. The drop of Rnl near the Dirac point under B⊥ = 13 T is
further confirmed to occur inside the N = 0 LL by the distinct
QH plateaus of the two-terminal resistance RL [Fig. 7(c)]. The
RL at the Dirac point increases dramatically with B⊥ > 10 T
[Fig. 7(d)], which also results from the edge state gap opening.

The experimental results show that the FM to CAF phase
transformation occurs at B⊥ ∼ 10 T. Because the dipolar
magnetic field of antiferromagnetic insulator BFO is very

weak, the contribution of BFO in valley isospin anisotropy
energy u⊥ and Zeeman splitting EZ can be neglected [20,21].
Therefore, the u⊥ ∼ e3a

c
B⊥ (taking h̄ = 1) can be estimated as

∼(1−10)B⊥ /K according to the lower and upper limits of the
lattice spatial parameter a [33–37]. Considering the existence
of exchange field, the Zeeman splitting in our system is a sum
of intrinsic and external contributions: EZ = μB(B⊥ + Bexc).
At the critical point it should be EZ = 2|u⊥| [30–32]. Giving
B⊥ = 10 T, the lower and upper limits of Bexc are estimated
to be 19.8–287.9 T. Such a substantial exchange field is
actually guaranteed by the strong exchange interaction (1
eV) of the Fe 3d states [27]. A recent work reported the
exchange field in graphene coupled to EuS is >14 T [23].
Although it seems surprising that BFO induces a larger
exchange field, this result is reasonable because the 4d states
of Eu provide a weaker exchange interaction (∼0.77 eV) [38].
The exchange splitting in graphene/EuO system is predicted
as 36 meV [38], obviously smaller than the 70 meV in
graphene/BFO system [21].
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FIG. 7. Magnetotransport nonlocal measurement results. (a) Nonlocal resistance Rnl measured under 8–13 T perpendicular external
field. The reduction of Rnl emerges under 12/13 T is further evidence for FM-CAF phase transition in LL ground state. (Inset: Nonlocal
measurement configuration.) (b) The Rnl peak value [highest points of the curves in panel (a)] also decreases as the field increases from
8 to 13 T. (c) Two-terminal resistance RL obtained under B⊥ = 13 T. Part of QHE plateaus are defined as ν = ±2 ( h

2e2 ∼ 12.9 k�) and
ν = ±6 ( h

6e2 ∼ 4.3 k�). (d) Evolution of RL,D at the Dirac point (the highest point) with increasing external field. It is very obvious that RL,D

rapidly rises after B⊥ = 10 T, indicating the gap opening.

IV. CONCLUSIONS

In conclusion, we have demonstrated the transport prop-
erties of BiFeO3/graphene heterostructures. Large nonlocal
signal under low external field, and anomalous low resistivity
transport near the Dirac point, is attributed to large Zeeman
splitting caused by exchange field. With increasing external
perpendicular magnetic field, the N = 0 Landau level of
graphene transforms from a ferromagnetic state to a canted
antiferromagnetic state, a substantial exchange field up to
287.9 T is revealed by analyzing the critical point. We wish
our findings can inspire further explorations on graphene/BFO
hybrid system, for detailed explanations of these novel

phenomena. Our work should shed light on the exploration
on graphene-based proximity effect, and investigations of
high-efficiency electronics and topological quantum spintronic
devices.
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