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Gate-Controlled Transmission of Quantum Hall Edge States in Bilayer Graphene
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The edge states of the quantum Hall and fractional quantum Hall effect of a two-dimensional electron
gas carry key information of the bulk excitations. Here we demonstrate gate-controlled transmission of
edge states in bilayer graphene through a potential barrier with tunable height. The backscattering rate is
continuously varied from O to close to 1, with fractional quantized values corresponding to the sequential
complete backscattering of individual modes. Our experiments demonstrate the feasibility to controllably
manipulate edge states in bilayer graphene, thus opening the door to more complex experiments.
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The edge states of quantum Hall (QH) and fractional
quantum Hall (FQH) effects are not only fascinating one-
dimensional quantum fluid with rich dynamics of their own
[1] but also provide access to the unconventional charge
and statistics of the quasiparticle excitations of the bulk
many-body ground states [2-4]. A well-known example is
the even-denominator FQH state at filling factorv = 5/2 in
GaAs quantum wells [5,6], where a ground state with non-
Abelian excitations has long been hypothesized [7], yet
experimental confirmation remains difficult and controver-
sial [8-10]. The 5/2 state in GaAs is fragile and the
electrostatic environment of high-quality GaAs samples is
quite complex [11]. Recent technological advances have
enabled remarkable strides in the quality of the two-
dimensional electron gas (2DEG) in graphene [12,13].
Bilayer graphene, for example, exhibits a plethora of
broken-symmetry QH, FQH, and QH ferromagnetic states
[14-19]. Importantly, even-denominator FQH states with
large gaps of a few kelvin have been observed [20-22]. The
thin profile of a graphene device enables smaller and more
precise nanostructures, such as demonstrated in our pre-
vious work on the quantum valley Hall kink states and
valleytronic operations in bilayer graphene [23,24]. The
simultaneous advances of sample quality and device
fabrication techniques now enable more sophisticated edge
state experiments in graphene. Past experiments have
shown that naturally formed, smooth potential interfaces
ina p-n [25-28] or p-n-p or p-p’-p junction [29-33] allow
edge states to fully equilibrate. Spin polarization imposes a
selection rule at low Landau levels [31,32]. Klimov et al.
observed partial equilibration at a p-n junction where a
barrier is present although the barrier height is not tunable
[34]. Recently, Zimmermann et al. created a quantum point
contact (QPC) geometry in graphene using a pair of top
split gates and showed its control over the transmission of
the edge modes [32]. This control, however, is less
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straightforward since carriers underneath the split gates
cannot be depleted and produce edge states of their own
that assist in tunneling. A clean QPC action, where a gate-
tuned potential barrier controls the interaction between two
quantum Hall edges, has not been realized in graphene.

In this Letter, we report on gate-controlled transmission
of edge states between two lateral QH states in bilayer
graphene. We use a dual split-gated structure to control the
filling factor of the left and right QH states independently
and a fifth gate to modulate the height of the tunnel barrier
between the two. The tunneling resistance varies with the
barrier height and exhibits plateaus that correspond to
complete backscattering of individual edge states one by
one. The experimental observations are quantitatively
captured by finite element simulations of the device.
This study is a proof-of-concept demonstration towards
the construction of more sophisticated structures, such as a
Fabry-Perot interferometer.
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FIG. 1. (a) An optical micrograph of device 47. The bottom
split gates are made of multilayer graphene (dark squares). The
top split gates are Au. The bilayer graphene is etched into a
multiprobe Hall bar highlighted in white. The top and bottom
h-BN sheets appear in green and dark blue shades, respectively.
(b), (c) Schematics of the top and side views of device 47. Orange
and light purple shades illustrate the top and bottom split gates,
respectively. The parameters of device 47 are given in the
diagrams.
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Figure 1(a) shows an optical micrograph of one of our
devices (device 47) with its top and side views schemati-
cally shown in Figs. 1(b) and 1(c) respectively. The split
junction is 70 nm in width and 300 nm in length in both
devices 43 and 47. The devices are similar in structure and
fabrication to those used to demonstrate the quantum valley
Hall kink states [23]. In device 47, the gating efficiencies
are, respectively, 8.04 and 6.00 x 10'' cm™2 V~! for the
top (TL and TR) and bottom (BL and BR) split gates.
They correspond to thicknesses of 20 and 28 nm, respec-
tively, for the top and bottom hexagonal-Boron Nitride (h-
BN) dielectric layers, with € = 3.0 [23].

Landau levels (LLs) form when a perpendicular mag-
netic field is applied [17,19]. Using the four split gates, we
can vary the filling factors v; and v, and the displacement
electric fields D; and Dy of the left and right QH states
independently. We pass a constant current through the
entire device and measure R, and R, of each side, as well
as R, across the junction simultaneously using standard
low-frequency lock-in techniques. Early onset of the
symmetry-broken integer QH states and the appearance
of FQH states attest to the reasonably high quality of our
devices (see Fig. S1 in Supplemental Material (SM) [35]).
Data presented here are acquired at B=18 T and
T = 0.3 K. Figure 2(a) plots examples of R;yl and R,,
obtained on device 47. Both sides exhibit well-resolved
integer QH states in the p-type carrier regime. Using these
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FIG. 2. (a) Ry; (black curve, left axis) and R1‘31 (blue curve, right
axis) vs filling factor v measured on the right and left side of
device 47, respectively. Ry; (vg) is measured by sweeping Vg
while fixing V. = 0 V. Ry3 (v7) is measured by sweeping V.
while fixing Vig = 0 V. In both measurements, Vg, = Vgr =
—4.5 V and Vg = —20 V. From device 47. (b) The edge states
flow diagram in a unipolar junction with |v; | > |vg|. The left,
middle, and right panels show perfect transmission, partial
backscattering, and complete backscattering of the right side
edge states, respectively. (c) Ry, (black trace) and R34 (red

trace) as a function of Vig. Vgr = —5.0 V. v varies from —12
to —1 as the inset shows. Vg; = —30 V. Arrows indicate the
integer fillings of vi. v, =-—4 1is fixed by setting

VL = —4.02 V, V. = 1.4 V. From device 43.

measurements, we select well-developed QH regimes for
subsequent edge tunneling measurements. Results reported
here focus on unipolar p-p junctions.

When both sides of the junction are positioned at integer
filling factors as illustrated in Fig. 2(b), edge states
propagate at the sample boundary and interact along the
line junction, the potential of which is controlled by Vg;
applied to the doped silicon backgate in Fig. 1(c). Here we
have set |v;| > |vg|. The junction may backscatter a
fraction of the edge states from the right, as the middle
panel of Fig. 2(b) shows. The backscattering rate a is
controlled by the height of the junction potential. @ = 0 in
the left-hand panel corresponds to the situation of perfect
transmission while @ = 1 in the right-hand panel depicts
the situation of complete backscattering.

Using the Landauer-Biittiker formula for edge state
transport, we can relate a to R, measured across the
junction, e.g., Ry, or Ry, in Fig. 2(c), and obtain

a 1 h
= (1)

Ry =——
l—avge

which is along the bottom side of the sample where the
edge states flow from left to right (assuming |v; | > |vg|).
Similarly, along the top side of the sample, we find

1 1 1\ £
R = ) 2
12 <1—a1/R 1/L> 2 (2)

The expressions of R, or R34 exchange with one another
in the case of |v;| < |vg| or when the direction of the
magnetic field is reversed.

Equations (1) and (2) enable us to measure the edge state
backscattering rate o directly, similar to past studies in
GaAs [36-38]. R34 vanishes in the case of a = 0, where a
|vg| number of edge states flow through the junction along
both top and bottom sides of the sample without back-
scattering. A finite Rs4, together with simultaneously
vanishing R, of the bulk QH states, indicates backscatter-
ing at the junction.

An example of a transparent junction is given in Fig. 2(c)
using data in device 43. Here, we set v; = —4 and sweep
gate voltage Vg to change vp from —12 to —1. V; is fixed
at —30 V. Both R, (black line) and R34 (red line) vs Vg
are plotted. From —4 <vp < —1, Eq. (1) describes Ry,
whereas from —12 < vp < 4, Eq. (1) describes R, instead.
We see immediately that @ = 0 when vy, is at the integer
fillings of —1, —3, —4, —7, —8, and —12; i.e., the junction is
transparent. In fact, nonzero R, (or R3,) observed at other
integer fillings of v; (vp = —2, —5, —6, and so on) is likely
due to contributions from nonzero R, of the bulk, as Ry;
shown in Fig. 2(a) suggests. As we will show in the
simulations, Vg; = —30 V corresponds to a p-p’ junction
with a smooth interface potential profile, similar to what is
studied in Refs. [25-28].
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FIG. 3. (a) R34 as afunction of V;. From left (magenta) to right
(black): D = —0.35, —0.30, —0.20, —0.10, and —0.05 V/nm.
D; = —0.2 V/nm for all traces. (v;,vg) = (—4,—2). Positive D
corresponds to an electric field pointing up. See Ref. [23] for the
definition of D and how we control v and D independently.
Transmission regimes I-IV are marked for the Dy =
—0.20 V/nm trace (dark cyan). The dashed arrow indicates
resistance value of /1/2¢* = 12.9 kQ. Insets illustrate the flow
of the edge states and the potential profile across the junction in
regime III. (b) R34 vs Vg; in the case of (v;,vg) = (—8,—4) as
the inset illustrates. D; = —0.21 V/nm; Dy varies as labeled in
the plot. Dashed arrows mark resistance values of h/12e?, h/4e?,
and 3h/4e*. From device 47.

Next, we investigate the effect of the junction
potential on a. In Fig. 3(a), we plot R34 as a function of
Vsi, while fixing both filling factors v; and vgi to be
(vpvg) = (—4,-2). Here, D; = —0.2 V/nm is fixed on
the left while different traces correspond to different values
of Dp. The D field controls the energies of the bilayer
graphene LL spectrum [19]. A large D field promotes the
splitting at v = =1 and £3. A quantitative LL diagram
between —4 <v < 44 is given in Fig. S2 of the
Supplemental Material [35]. In Fig. 3(a), we label the four
distinct regimes for the dark cyan trace corresponding to
Di = —0.2 V/nm. In regime II, R34 is close to zero, which
indicates the perfect transmission of both edge modes of vp
across the junction. As Vyg; increases further, R34 becomes
finite and eventually reaches large values (regimes III and
IV). This behavior corresponds to the increase of the
potential barrier between the two QH states as p-type
carriers in the junction are increasingly depleted, eventually
causing all edge states to backscatter completely. To the left
of regime II, a moderate increase of R34 is also observed

when V; becomes very negative and the junction becomes
heavily p doped. This is labeled as regime I in the plot.
Finite bulk conduction across the junction is likely
responsible.

What is most striking in Fig. 3(a) is the appearance of a
wide plateau in R34 (regime III in the plot). The resistance
value of the plateau is close to 4/2¢?, which corresponds to
a =1/2 in Eq. (1). The appearance of the quantization is
intuitive when considering the evolution of the bulk LLs
inside the junction. As the insets of Fig. 3(a) show, when
Er resides between the first and second LLs inside the
junction, one edge mode is completely backscattered while
the other fully transmits through the junction. As our data in
Fig. 3(a) shows, the h/2e” plateau appears only when
|Dg| > ~0.15 V/nm. This is consistent with our prior
findings on the D-field dependence of the LLs in bilayer
graphene [19].

Resistance plateaus in R34 appear in several other combi-
nations of v; and v, and are consistent with the above
selective complete backscattering interpretation. Figure 3(b)
shows another example at (v, vg) = (—8, —4). A few more
scenarios are given in the SM [35]. Although the quantiza-
tion in Fig. 3(b) is not as well developed as that shown in
Fig. 3(a), R;4 exhibits clear plateaus or shoulders close to
h/12¢?, h/4e?, and 3h/4e? expected fora = 1/4,1/2, and
3/4, respectively. These plateaus suggest the sequential
complete backscattering of 1, 2, and 3 modes before all edge
states are backscattered. As Vg; is swept from —60 to
450 V, the 4 orders of magnitude change of R;,4 corre-
sponds to a change of a from 0 to roughly 0.9. This large
tunability of « attests to the effective control of V; on the
junction potential in our devices.

It is interesting to note that in both Figs. 3(a) and 3(b) the
onsets of regimes III and IV exhibit a systematic shift
towards negative Vg;’s as Dy becomes more negative, i.e., a
positive AVg;/ADy. In Fig. 4(a), we plot the magnitude of
AVgi/ADp at several (v, vg) scenarios as labeled in the
plot. Meanwhile, the onset of regime II appears insensitive
to Dp. These behaviors cannot be explained by the change
of the bulk LLs with Dy. Instead, we look to practical
considerations such as the impact of misalignment between
the top and bottom split gates. Using a finite element
simulation tool (COMSOL, multiphysics package), we simu-
lated the gating effect of all five gates in device 47. The
results are summarized in Fig. 4 while the methods and
more details are given in the SM [35]. The carrier density
profile n (x) across the split junction is computed and
converted to a filling factor profile v(x). Figure 4(b) plots
v(x) at selected Vg;’s from —50 to 30 V for two slightly
different structures. The dashed lines correspond to the
perfectly aligned gates shown in the upper inset of the
graph. The solid lines correspond to the scenario shown in
the lower inset, where the TR gate shifts into the junction
by d = 15 nm. The overall shape of v(x) and its evolution
with Vg; are what is expected intuitively. The Vg; = 10V
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FIG.4. (a) Measured AVy; vs ADy, in different cases of (v, vg)

as labeled in the plot. The slope of the red dashed line
corresponds to the value of AVg/ADp at d = 10 nm on the
black curve in (d). The slope of the black dashed line corresponds
to d = 20 nm. (b) Simulated filling factor profile v (x) across the
junction at selected values of Vg; from —50 V (black) to 30 V
(olive) in 10 V steps. (vy,vg) = (—4,-2), D, = —0.2 V/nm,
and Dy = —0.3 V/nm. The junction center x = 0 is marked in
the upper inset. The dashed curves correspond to perfect gate
alignment, as illustrated in the upper inset. The solid curves
correspond to a TR gate shift of 15 nm into the junction, as
illustrated in the lower inset. Other dimension parameters used
that of device 47. (c) vpyax VS Vs; (open circles) and v,,;, vs Vg;
(solid triangles) obtained from simulating the gate arrangement
shown in the lower inset of (b) with d = 15 nm and Dy = —0.2
(black symbols) and —0.3 V/nm (red symbols). D; =
—0.2 V/nm is fixed for both scenarios. The onset of regimes
II-IV corresponds to Vg = —47.7, —6.2, and 16.6 V, respec-
tively, for D = —0.2 V/nm and Vg = —48.7, —15.1, and
10.5 V, respectively, for Dp = —0.3 V/nm. (d) Simulated
AV /ADyp vs the TR gate shift distance d for vy, = —4.5
and v, = —1.5, as labeled in the plot.

curve, for example, resembles the diagram shown in the
inset of Fig. 3(a). The comparison of the d = 0 and 15 nm
cases shows that the shift of the TR gate has a large effect
on the minima of v(x), vy, which shift towards the right
side but much smaller effect on the maxima of v(x), V-
We shall see that it correctly captures the behavior of
AVg;/ADy in different regimes.

To connect with experiment, in Fig. 4(c), we plot v,
(open circles) and v,,;, (solid triangles) obtained from the
d =15 nm curves in Fig. 4(b). Two sets of Vir’s and
Vgr’s corresponding to Dp = —0.2 and —0.3 V/nm,
respectively, are used in the simulations and the results
are plotted in black and red symbols, respectively, in
Fig. 4(c). Using the diagram shown in the inset of
Fig. 3(a), we associate the onsets of regimes III and IV
with v, = —1.5 and —0.5, respectively, and similarly

associate the onset of regime II with v, = —4.5. This
allows us to identify and label the four transmission
regimes in Fig. 4(c). Their onset voltages in Vg; agree
with measurements in Fig. 3(a) very well for both Dg
values simulated. Indeed, a positive AVg;/ADy, is observed
for the onsets of regimes IIl and IV while the onset of
regime I remains nearly stationary. In the SM, we analyze
the contribution of individual gates to provide a physical
picture for the results of the simulations.

Simulations and analysis similar to that shown in
Figs. 4(b) and 4(c) are carried out for d =0, 5, 10,
15, and 20 nm, and the AVg;/ADy obtained at vy, =
—4.5 and v, = —1.5 are plotted in Fig. 4(d). Here,
AV /ADy is calculated by linearly interpolating results
at Dr = —0.2 and —0.3 V/nm. AVg;/ADy is negligible
for the onset of regime II at any d values while
AVg;/ADy increases with increasing d for the onset of
regime III, as expected. Using the simulated AVg;/ADg
as the slope, we plot two dashed lines in Fig. 4(a). The
black dashed line corresponds to d = 20 nm while the red
dashed line corresponds to d = 10 nm. The majority of
our data fall within the area in between. A misalignment
of this magnitude is consistent with the precisions of our
fabrication methods [23]. We are puzzled by the spread of
the data as all of them are acquired on device 47. We note
that our simple electrostatics model does not take into
account the specifics of the LL structure, the shape of the
density of states, and the self-screening of the bilayer
graphene, which may all play a role in determining the
precise values of the onsets. Overall, the success of the
simulation highlights an important advantage of graphene
gating structures, i.e., their relatively simple and deter-
ministic electrostatic environment. This advantage can be
used to facilitate simulation-guided design of future
experiments and foster a stronger connection between
theory and experiment.

To summarize, we demonstrate potential-controlled
transmission of quantum Hall edge states in bilayer
graphene by employing independent gate controls on
relevant parameters of the system. The backscattering rate
is continuously tunable over a large range and sequential
complete backscattering of individual edge modes is
observed and well understood in numerical simulations
using experimental device parameters. Our results are
encouraging first steps towards building more complex
nanostructures, such as an electron interferometer, to probe
the charge and statistics of quasiparticles in the QH and
FQH regimes of bilayer graphene.
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