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Valley Hall effect has been observed in asymmetric single-layer and bilayer graphene systems. In
single-layer graphene systems, asymmetry is introduced by aligning graphene with hexagonal boron
nitride (hBN) with a near-zero twist angle, breaking the sub-lattice symmetry. Although a similar
approach has been used in bilayer graphene to break the layer symmetry and thereby observe the
valley Hall effect, the bilayer graphene was sandwiched with hBN on both sides in those studies.
This study looks at a much simpler, non-encapsulated structure where hBN is present only at the
top of graphene. The crystallographic axes of both hBN and bilayer graphene are aligned. A clear
signature of the valley Hall effect through non-local resistance measurement (Rnr1,) was observed.
The observed non-local resistance could be manipulated by applying a displacement field across
the heterostructure. Furthermore, the electronic band structure and Berry curvature calculations

validate the experimental observations.

PACS numbers:

With the introduction of two-dimensional materials,
the valley degree of freedom of carriers has gained much
prominence in recent years [1-3]. Materials like graphene
and MoS; have two in-equivalent valleys at the K and K’
high symmetry points of their Brillouin zone, which can
be interpreted as valley-up and valley-down, much like
the spin degree of freedom of carriers. However, the fun-
damental criterion for a material to be valleytronic is to
have a broken inversion symmetry. While single-layer
graphene is symmetric, aligning graphene with hexago-
nal boron nitride (hBN) with a near-zero twist angle has
proved to break the sub-lattice symmetry of the graphene
layer [4-7]. Such a system has exhibited the valley Hall
effect (VHE) due to the emergence of Berry curvature at
the valley as a result of broken inversion symmetry [8—
10]. As for bilayer graphene, the asymmetry can be in-
troduced by either applying an out-of-plane electric field
across the layers or by aligning with an hBN layer, both
of which break the layer symmetry of the system as they
introduce different potentials between the top and bot-
tom layers of the bilayer [11-15]. Both methods have
been employed to observe VHE in bilayer graphene in
recent years [16-19].

In the case of single-layer graphene, it has been shown
that both encapsulated and non-encapsulated graphene
exhibit the valley Hall effect, provided either of the hBN
(top or bottom) is oriented with graphene [8]. As for
bilayer graphene, the valley Hall effect is observed by
hBN alignment only in encapsulated systems [18, 19].
Here hBN is present at the top and bottom of the bi-
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layer graphene with one of the hBN aligned and the other
misaligned by more than 10° to avoid the formation of a
double moire pattern. However, it has been shown the-
oretically that aligning hBN with bilayer graphene in a
non-encapsulated configuration can also break the sym-
metry of the system and induce Berry curvature [20].
Considering the difficulty in fabricating encapsulated bi-
layer graphene heterostructure, in this study, we explore
the VHE in non-encapsulated hBN /bilayer graphene het-
erostructure (hBN /bilayer graphene/SiO3) with the hBN
aligned with the bilayer graphene. We observed a strong
VHE signal at the primary Dirac point through non-
local electrical measurement. The VHE signal could be
further manipulated by applying a displacement electric
field across the layers. We also performed ab initio calcu-
lations, which show that aligned hBN /bilayer graphene
heterostructure has an intrinsic band gap and a non-zero
Berry curvature. The band gap and the Berry curvature
can be manipulated with an out-of-plane electric field
applied across the layers.

The hBN/bilayer graphene heterostructure is fabri-
cated following the dry transfer method [21]. Two devices
denoted as Device A and Device B, are fabricated. The
results presented in the main text are from Device A (see
supplementary information for the results from Device
B). Figure 1a shows the optical image of the hBN/bilayer
graphene heterostructure from which Device A is fab-
ricated. The dotted line outlines the bilayer graphene
area. The arrows indicate the edges of hBN and bilayer
graphene, which are aligned with a near-zero twist an-
gle. After etching the heterostructure into a Hall bar,
edge contacts were fabricated [21]. Later a passivation
hBN layer is transferred on top of the heterostructure,
above which the top gate electrode is fabricated. Fig-



ure la inset and Figure 1b show the optical image and
schematic diagram of the final device. Figure lc shows
the gate characteristics of the device. The field-effect
carrier mobility extracted from the linear region around
the main Dirac peak (MDP) is a~ 19 000 cm? V~! g7!
and ~ 26 000 cm?® V~! s7! respectively for the holes
and electrons. Apart from the MDP, secondary Diract
peaks (SDP), which is the signature of the formation of
moire superlattice, can be observed on both sides of the
main Dirac peak. The SDP appears at + 1.78 x 10'2
cm~2, which corresponds to a moire superlattice period
of 15.3 nm. This period is slightly larger than the max-
imum period (13.8 nm) expected for an hBN-graphene
moire superlattice. The slight increase in the periodic-
ity is attributed to the stretching of the bilayer graphene
(supplementary information II) [5, 22, 23], which could
be originated from the non-uniformity of the SiOs sub-
strate.

The local and non-local electrical measurements are
performed following the standard four-terminal method
using KEITHLEY 4200 semiconductor parameter analyzer
with a high input impedance (10'® Q) at the voltage termi-
nals. A separate source meter (KEITHLEY 2400) is used to
apply gate voltage. Figure 2a compares the local (Ry,) and
non-local (Rn1) resistance measurement results for Device A
at 10 K. For Ry, a current is applied between terminal 2 and
3 and the voltage drop between terminals 9 and 8 is detected
giving Ry, = Vo ,3/I2,3. For Rni, measurement, the current is
applied at the local terminals 3 and 8, and the voltage drop at
terminals 2 and 9 is measured, giving Rnr, = V2,9/I3s. The
length and width of the Hall bar in the measured region are 2.5
pm and 1 pm, respectively. A strong Rnt, signal is detected
around the charge neutrality point (CNP) with zero electric
or magnetic field applied across the layers. The peak of the
Rn1, generally appears at the CNP. The shift in the Rnr, peak
is attributed to the in-homogeneity in the bilayer graphene
channel, especially since the graphene is on SiOs substrate.
To rule out the possibility of diffusive charge contribution to
the measured non-local signal, we also calculated the Ohmic
contribution using the formula R{P™ = RL (%) exp (—%)
[24]. The calculated Ohmic contribution is at least one order
of magnitude less than that of the measured Ri,, thereby rul-
ing out the possibility of diffusive charge contribution. One
possible origin of the observed Rni would be the VHE. The
Berry curvature induced VHE and the resultant transverse
valley Hall conductivity (JXJ{) is related to the measured Rnr,

as
1 (o w L
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where L and W are the length and width of the device, I, is
the valley diffusion length and o.> = 1/p is the conductivity.
In the small valley Hall angle regime (O';IyH/O'm) < 1), BRnL
and p holds a cubic scaling relation (RnL o p°). Thus we
plotted Rnr1, as a function of p as shown in figure 2b, which
exhibits a clear cubic relation implying that the measured
Ryt indeed originates from the VHE. Here, p is defined as
Ry (W/L) where W and L are the width and length of the
measured part of the channel, respectively.
Next, we investigate the effect of an electric displacement

field applied across the bilayer graphene on both Ry, and Ryp.
Figure 3a and b show the heat map of the Ry, and Rni, respec-
tively as a function of both top-gate and bottom-gate voltage.
It can be seen that the Rni, is narrower than Ry, indicating
the difference in the physical origin of both peaks. Applying
voltages on the top and bottom gates allows the independent
control of carrier concentration and the displacement field.
The displacement fields related to the top and bottom gates
(Ve and Vie) are defined as:

Drg = —era(Vra — Vig)/dra

0 (2)
Dpc = —epa(Vee — Via)/dsa

where erc(epg) and dra(dpe) are the dielectric constant
and thickness of the top(bottom) layer. Vig pe is the volt-
age offset, which is -1.2 V and 10 V respectively, for Device A.
The difference between the two displacement fields gives the
carrier doping, and the average of the two is the net displace-
ment fields. Figure 3c shows the evolution of Ry, and Rnr
as a function of the displacement field. Here R and RnL
are plotted as a function of top gate voltage with the back
gate fixed at different values. As mentioned earlier, the het-
erostructure at the pristine state (Veg = 0V') shows a clear
non-local signal, suggesting an in-built asymmetry present in
the heterostructure. Application of a negative electric field
(Vg = -20V and -10V) increases the intensity of both Ry,
and Rnr. This implies that a negative electric field widens
the band gap and enhances the asymmetry between the lay-
ers. Whereas the application of a small positive electric field
(VBe = 10V) reduces the intensity of both peaks, suggesting
a reduction in the band gap and the asymmetry. However, the
application of a strong positive electric field (Vae = 30V) yet
again increases the intensity of both Ry, and Ry, implying an
increase in band gap and asymmetry of the heterostructure.
To validate the above hypothesis, we measured the tem-
perature dependence of the Ry, at different gate voltages to
calculate the band gap. The maximum of the local resistivity

( max

P at the high-temperature regime is related to the band
gap as:

1 1 E*

=~ o (2 ®
where py, is the local resistivity, £~ is the activation energy,
kg is the Boltzmann constant and 7T is the temperature. The
band gap E,, defined as 2FE™ can be extracted by plotting
1/p1®* as a function of 1/T" as shown in figure 4. The dotted
line is the fit to equation 3 at the high-temperature regime.
Table I shows the extracted band gap values at different Vpc.
The heterostructure has an intrinsic band gap of 25 meV (at
Vea = 0 V). Application of a negative displacement field en-
hances the band gap (35.3 meV at Vgg=-10 V and 45.5 meV
at Vsg= -20 V). At the same time, the application of a pos-
itive displacement field reduces the band gap (17.5 meV at
Vee= 10 V). This is consistent with the earlier observation
of increase(decrease) in the Ry and Rni peak intensity at

negative(positive) displacement field.

We have also performed ab initio calculations to substanti-
ate the experimental observations (see [25] for calculation de-
tails). Figure 5a-e shows the electronic band structure calcu-
lated for the hBN/bilayer graphene heterostructure at differ-
ent electric fields applied across the layers. The heterostruc-
ture has an intrinsic band gap of 36 meV (Fig. 5¢), implying



TABLE I: Band gap extracted from the 1/p7** versus 1/T
plot for different Veg. E. is the electric field corresponding

max

to each Ve at pr

Vaa (V) E, (V/nm) Band gap (meV) RNT (D)
-20 -0.44 45.5 160
-10 -0.30 35.3 94
0 0.14 24.8 64
10 0.00 17.5 34

asymmetry between the layers. As the low energy bands are
constituted by the non-dimer atoms in the bottom and top
layers of the bilayer graphene, the hBN induces different po-
tentials between them, which opens a band gap. Applying a
negative electric field (Fig. 5a-b) introduces additional asym-
metry between the layers, enhancing the band gap (75 meV
for -0.25 V/nm and 92 meV for -0.5 V/nm). However, apply-
ing a positive electric field initially works against the inbuilt
asymmetry between the layers, reducing the band gap to 21
meV (Fig. 5d). At higher positive electric fields, the electric
potential surpasses the intrinsic potential difference between
the layers and widens the band gap further (40 meV for 1.25
V/nm), as shown in figure 5e. The results of the band struc-
ture calculation strongly agree with the experimental obser-
vations. Next, we look at the Berry curvature calculated for
the heterostructure. Berry curvature for an electronic band
is defined as

2 Un, k p un/ X un/ D Un,k
oot — 1 (el ) X (D)
m? G = 2

n#n

(4)

where |un k) is the periodic part of the Bloch function, p is
the momentum operator, €, is the energy of the nth band and
g, represents the energy of all other bands. The total Berry
curvature is the sum of the individual occupied band’s Berry
curvature (Q(k) = > fnQn(k)). The Wannier interpolation
scheme dictates that a pair of bands that are either occu-
pied or unoccupied have a negligible contribution to the total
Berry curvature [29]. The major contribution to the total
Berry curvature comes from a pair of bands where one is oc-
cupied and another unoccupied, such as the low energy bands
in the hBN/bilayer graphene heterostructure. In addition,
the denominator of equation 4 suggests that Berry curvature
value varies as the square of the energy difference between
two adjacent bands. Thus in our case, the Berry curvature
changes with the electric field as the band gap changes. The
heterostructure has an intrinsic non-zero Berry curvature as
shown in figure 5h. A negative electric field reduces the mag-
nitude of the Berry curvature as it widens the gap between
the low energy bands (Fig. 5f-g). On the other hand, a small
positive electric field (0.5 V/nm) enhances the magnitude of
the Berry curvature due to the narrow band gap (Fig. 5i).
However, two key differences could be observed at a higher
positive electric field (Fig. 5j). One, the magnitude of the
Berry curvature reduces owing to the widening of the band
gap. The second is the change in the polarity of the Berry
curvature, which implies that the polarity of the layer asym-
metry switches direction at higher positive electric fields.

In conclusion, we have observed Berry curvature induced
VHE in non-encapsulated hBN /bilayer graphene heterostruc-
ture where the hBN and bilayer graphene are aligned with

near-zero twist angle. The VHE is detected as a non-local re-
sistance near the CNP. The cubic relation observed between
Rn1, and p validates that the measured Rni, indeed origi-
nates from the VHE. The measured Rni, could be manipu-
lated with the application of a displacement field across the
layers, which is attributed to the change in the electronic band
structure and the asymmetry of the bilayer graphene under a
displacement field. The intrinsic band gap of the heterostruc-
ture and its evolution under the displacement field is con-
firmed from the temperature-dependent Rj, measurement in
the high-temperature regime. The experimental observations
were substantiated with ab initio calculations which showed
that the heterostructure has an intrinsic band gap and a non-
zero Berry curvature, both of which could be controlled by a
perpendicular electric field.
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FIG. 1: (a) Optical image of hBN/bilayer graphene heterostructure aligned with near-zero twist angle. The dotted line shows
the graphene region. The arrow indicates the edges of graphene and hBN, which are aligned. The inset shows the optical image
of the final device. (b) The heterostructure schematic diagram shows the passivation hBN layer and the top gate electrode.
(C) Measured gate characteristics of the device as a function of carrier density n. The arrow indicates the two secondary Dirac
peaks at the electron and hole sides. The measurement is performed at 10 K.
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FIG. 2: (a) Measured local (Ry) and non-local (Rn1,) resistance for the heterostructure at 10K. The blue line is the calculated

Ohmic contribution to the non-local resistance. (b) Rxt, and p follows a cubic scaling relation (Rn1 o p®) indicating that the
measured Rni, originates from VHE.
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FIG. 3: Heat map of the (a) Ry and (b) Rnr as a function of top-gate and bottom-gate. (c¢) Ry and Rni measured as a
function of top-gate voltage with back-gate fixed at different values. All the measurements are performed at 10 K.
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FIG. 4: 1/pp®* as a function of 1/T plot for different Ve showing the temperature dependence of pi'**. The dotted line
indicates the fitting to equation 3 in the high-temperature regime from which the band gap of the heterostructure at different
VBa is extracted.
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FIG. 5: Electronic band structure calculated for the hBN/bilayer graphene heterostructure at electric fields of magnitude (a)
-0.5 V/nm, (b) -0.25 V/nm, (c¢) 0 V/nm, (d) 0.5 V/nm and (e) 1.25 V/nm. The path of the band structure calculation is M
— K — TI'. Berry curvature calculated at K high symmetry point for the heterostructure at electric fields of magnitude (f)
-0.5 V/nm, (g) -0.25 V/nm, (h) 0 V/nm, (i) 0.5 V/nm and (j) 1.25 V/nm. The path of the Berry curvature calculation is the
same as the band structure calculation.
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Supplementary Information

RESULTS OBTAINED FROM DEVICE B

I. Optical image

Figure Sla shows the optical image of Device B where hBN and bilayer graphene edges are aligned with near-zero twist
angle. The dotted line shows the graphene region. The arrow indicates the edges of graphene and hBN, which are aligned.
Figure S1b is the optical image of the final device. A leakage current was observed from the top gate on this device. This could
be due to the insufficient thickness of the hBN layer. Thus no displacement field measurement was performed on this device.

(a) (b)

FIG. S1: (a) Optical image of Device B. The dotted line shows the graphene region. The arrow indicates the edges of graphene
and hBN, which are aligned. (b) Optical image of the final device after fabricating contacts.

II. Gate characteristics

Figure S2 shows the gate characteristics of Device B. The extracted field-effect carrier mobility from the linear region around
the MDP is ~ 9 400 cm? V™! 57! and ~ 7 100 cm?® V™! 57! respectively for the holes and electrons. In addition to the
MDP, two SDPs, indicated by arrows, can be seen on both sides of the MDP, affirming the formation of a moire superlattice
between hBN and bilayer graphene. The SDPs appear very close to the MDP at a carrier density of + 1.05 x 10'2 cm™2. This
corresponds to a moire wavelength of 20 nm, much higher than the theoretically predicted maximum value of 13.8 nm. The
moire wavelength X is derived as [S1]

\— (1+9)a
V2(1 + 8)(1 — cosg) + 42
where § is the lattice mismatch between graphene and hBN, a is the graphene lattice constant (0.246 nm), ¢ is the rotation
angle between graphene and hBN. Considering that the rotation angle is 0, a moire wavelength of 20 nm corresponds to a lattice
mismatch of 1.25%, which is smaller than the lattice mismatch between pristine hBN and graphene (1.79%). This implies that
the graphene is stretched. We attribute the stretching in graphene to the non-uniform surface of SiO2 as the bilayer graphene
is in direct contact with it.
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FIG. S2: Gate characteristics of Device B.Besides the MDP, two SDPs (indicated by arrows) can be seen on both sides of the
MDP.

ITI. Local and non-local measurement results

Figure S3a shows the local (Ry) and non-local (Rnt1,) resistance for Device B at 10K. The calculated Ohmic contribution to
the Rni is negligible compared to the magnitude of the Rnri. Figure S3b is the cubic scaling relation plotted between R,
and p, where p is defined as Ry, (W/L). The width W and length L of the measured part of the channel are 1 ym and 2.5 pm,
respectively. The clear cubic relation between Rnr, and p implies that the non-local signal originates from the valley Hall effect.
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FIG. S3: (a) Measured (Ry) and (Rn1,) for Device B at 10K. The blue line is the calculated Ohmic contribution (multiplied
by 25) to the non-local resistance. (b) Cubic scaling relation between Ryi, and p.

[S1] Matthew Yankowitz, Jiamin Xue, Daniel Cormode, Javier D. Sanchez-Yamagishi, K. Watanabe, T. Taniguchi, Pablo
Jarillo-Herrero, Philippe Jacquod, and Brian J. LeRoy, Emergence of superlattice Dirac points in graphene on hexagonal
boron nitride. Nature Physics 8, 382-386 (2012).
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