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Abstract

“Valleytronics” is a newly developed concept for elec-
tronics utilizing the occupation degree of freedom of val-
leys as an information carrier. Spatial inversion sym-
metry broken honeycomb lattice systems are ideal mate-
rials for valleytronics. Due to valley contrasting Berry
curvature, these systems show valley Hall effect and its in-
verse effect, which enable generation and detection of a
pure valley current. Here we used dual-gated bilayer gra-
phene to break the spatial inversion symmetry electrically.
At 70K, around charge neutrality point, we found that
large nonlocal resistance emerges under displacement
field and it scales cubically with the local resistivity by
tuning the displacement field. This is an evidence of the
pure valley current mediating the nonlocal transport and
the valley Hall effect in spatial inversion symmetry bro-
ken bilayer graphene.

1. Introduction

Charge and spin of electrons are well-defined quantum
numbers. Spintronics is a technique which utilizes the spin
degree of freedom as an information carrier in solid state de-
vices. The discovery of spin Hall effect and its inverse effect,
which enable electrical generation and detection of spin cur-
rent, widened the range of application of the spintronics. Cer-
tain specific crystal structures result in degenerate local min-
ima or maxima called “valleys” in the band structure (Fig. 1
(a)). The occupation degree of freedom of valleys is well-de-
fined quantum number, and a newly developed concept for
utilizing this valley degree of freedom as an information car-
rier is called “valleytronics”. Honeycomb lattice systems
such as graphene and transitional metal dichalcogenides are
ideal platform for the valleytronics. When inversion sym-
metry of these systems are broken, effective magnetic field
called Berry curvature emerges. Because the sign of this
Berry curvature is dependent on valleys, these systems show
valley dependent Hall effect known as valley Hall effect [1]
(Fig. 1 (b)). The valley Hall effect and its inverse effect ena-
ble electrical generation and detection of a pure valley current,

which is interpreted as an analogy of pure spin current and
does not accompany net charge flow.

Fig. 1 (a) Band structure of gapped bilayer graphene. K and K' rep-
resent valley index. (b) Schematic image of the valley Hall effect.

Valley Hall effect was demonstrated in structurally inver-
sion symmetry broken systems such as MoS, [2] and mono-
layer graphene/h-BN superlattice [3]. For the case of bilayer
graphene (BLG), however, a perpendicular electric displace-
ment field (D) can be used to break inversion symmetry. The
tunable D allows for further controllability of the valley Hall
effect and unambiguous detection of the pure valley current.

2. General Instructions

Fig. 2 Schematic image of the valley current mediated nonlocal
transport and the setup of the nonlocal resistance measurement.

To investigate the valley Hall effect (VHE), we utilized
nonlocal resistance measurement. In Fig. 2, charge current is
injected at the left side across the Hall bar. VHE at the left
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side generates valley current along the Hall bar, and it is de-
tected as voltage signal by inverse valley Hall effect (IVHE)
at the right side. Nonlocal resistance (Rnr) is defined by the
detected voltage divided by the injected current. Using an
analogy of the nonlocal resistance by spin Hall effect and in-
verse spin Hall effect [4], Raw is expected to follow the fol-
lowing equation:

w

Ry =—
NL 2ZV

(O';;H )2 0’ exp _l£ . )

W and L are the channel width of the Hall bar and the lateral
distance between the current injection probe and the voltage
detection probe, respectively. /, is inter-valley scattering
length. o,V and p are the valley Hall conductivity and local
resistivity, respectively. p has maximum value at the charge
neutrality point (CNP) and also increases with increasing the
magnitude of D due to the enhancement of the band gap [5].
For the case of the intrinsic origin of the valley Hall effect
described above, ,,' has maximum value at the CNP. If the
band gap size is larger than the temperature energy scale,
0" 1 has constant value. These dependencies lead to maxi-
mum Rxp at the CNP for the carrier density dependence and
increasing Rt as increasing the magnitude of D. Furthermore,
for the constant g, regime, the nonlinear, cubic scaling re-
lation Ry, o p? is expected from eq. (1).

We utilized dual-gated structure to control the perpendic-
ular electric displacement field D, and carrier density inde-
pendently [5]. To keep the quality of the device, we encapsu-
lated BLG between h-BN insulating layers. Both BLG and h-
BN are obtained by mechanical exfoliation technique and
they are stacked using a dry transfer technique. BLG is
shaped into a Hall bar whose W and L are lum and 3.5um,
respectively.
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Fig. 3 Electric displacement field (D) and carrier density dependence
of the nonlocal resistance. D is tuned along the red arrow. Carrier
density is tuned along the both ended green arrow. Inset: The con-
figuration of nonlocal resistance measurement.

Fig. 3 shows the measurement result of Rnp against top
and back gate voltages at 70K. As D increases, Rnt peak ap-
pears around CNP and increases as expected. At the highest
D, the size of the signal is 3 order of magnitude larger than
the trivial current diffusion contribution calculated from the

van der Pauw formula.
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Fig. 4 Scaling relation between p and RnL at the CNP by tuning D.
Inset : Scaling relation obtained from other device. Red points and
blue points are obtained from D > 0 and D < 0, respectively.

Fig. 4 shows the relation between p and Rn. at the CNP
by tuning D. We observe the cubic scaling Rxpoc p® for p <
7kQ. The cubic scaling is reproduced in other device for the
both polarity of D (Fig. 4 inset). We also observed the cubic
scaling from temperature dependence at the CNP. On the
other hand, the deviation from the cubic scaling appeared for
p > TkQ (Fig. 4). One possible reason for this deviation is the
change of the valley Hall conductivity in the hopping conduc-
tion regime. In the temperature dependence, both p and Rnp
showed the activation behavior. By comparing the activation
energy of p and Ry in the band conduction regime (£ and
Eni, respectively), we find dExi/dD ~ 3dEi/dD. This factor
three is also expected from the cubic scaling.

3. Conclusions

We detected the huge nonlocal resistance signal around
the CNP by applying perpendicular displacement electric
field D in the dual-gated bilayer graphene device. We find the
cubic scaling relation Ryioc p* from both D and temperature
dependence at the CNP. As evidenced by these observations,
we detected the valley current mediated nonlocal transport
due to the valley Hall effect and the inverse valley Hall effect
[6, 7]. Similar results in bilayer graphene are also reported by
another group around the same time [8].
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