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    We present a device architecture of hybrid-edge and dual-gated quantum point contact. We 
demonstrate improved electrostatic control over the separation, position, and coupling of each broken-
symmetry compressible strip in graphene. Via low-temperature magneto-transport measurement, we 
demonstrate selective manipulation over the evolution, hybridization, and transmission of arbitrarily chosen 
quantum Hall states in the channel. With gate-tunable tunneling spectroscopy, we characterize the energy 
gap of each symmetry-broken quantum Hall state with high resolution on the order of ~0.1 meV. 

 
Electronic states in graphene exhibit a fourfold spin-valley 

degeneracy [1–6], which can be lifted with an external 
magnetic field  [7–18]. The broken-symmetry Quantum 
Hall edge states (QHES) can carry spin and valley-polarized 
currents. Proper manipulation of these currents can serve as 
a basis for advanced device platforms with rich quantum 
physics including topics such as Mach-Zehnder 
interferometry [19,20], the Quantum Spin Hall effect  [21–
24], and topological superconductivity, towards utilizing 
them for future quantum electronics and computing 
platforms. Accurate determination of energy gaps between 
degeneracy-lifted Landau levels (LL) and their dependence 
on disorder and local electrostatic fields can also shed new 
light on the microscopic details of the QHES. 

Previous experiments have demonstrated control over the 
transmission of QHES via a macroscopic gated region [25] 
or a mesoscopic quantum point contact (QPC) [26–28]. The 
former scheme allows selective filtering of broken-
symmetry states but lacks continuous tunability for its 
transmission (either 0 or 1). The later scheme allows partially 
reflected/transmitted Quantum Hall (QH) states, but the 
relatively abrupt electrostatic profile makes it difficult to 
separate the co-existing broken-symmetry QH states into 
well-isolated compressible strips for precise and selective 
manipulation. Recent advancements have addressed some of 
these challenges by enhancing the quality of graphene QPC 
devices. Broken-symmetry QHES have been observed in 
split-gated graphene QPC devices with split-gates [29], and 
manipulation of fractional Quantum Hall states has been 
achieved in QPCs defined by graphite gates [30,31]. 
Notably, Quantum Hall interferometry (QHI) in graphene, 
relying on high-quality QPCs, has been successfully 
demonstrated in both the integer Quantum Hall regime [30] 
and the fractional Quantum Hall regime [32].  

In this work, we demonstrate a new type of hybrid-edge 
and dual-gated QPC, whose boundaries are defined by a 

physical edge, and a tunable pp’ or pn interface from 
independently gated regions. The device is “hybrid-edge”, 
with the left (right) boundary of the QPC being the physical 
(electrostatically defined) edge of graphene. By tuning the 
QH edges states closer to the physical (electrostatic) edge 
with an abrupt (smooth) spatial profile, the separation and 
coupling of the edge states can be precisely manipulated by 
demand. The device is “dual-gated”, with electrostatics 
inside the QPC co-defined by a pair of local nano-gates and 
a global bottom gate. This allows more versatile and precise 
electrostatic control over the location, transmission and 
tunneling of selected QHES. 

The unique device operation scheme is capable of more 
adiabatic and selective control over the emergence, 
evolution, location, transmission, and width of broken-
symmetry edge state, for gapless materials such as graphene. 
We show that the improved level of control enables selective 
and tunable tunneling spectroscopy of QH states, similar to 
that of Coulomb blockade, allowing precise measurement of 
QH gaps with high energy resolution without relying on 
variable temperature measurements. This is especially 
relevant for symmetry-broken states or emergent correlated 
states (in moiré systems), where interaction-driven gap can 
be temperature-dependent.  

A pair of atomically-flat metal split-gates (fig. 1a) is 
deposited onto a 285 nm layer of SiO2 grown on top of a p-
doped silicon substrate. An hBN-encapsulated monolayer 
graphene stack is then transferred on top of the gates and 
etched into a “” shape with the sample edge aligned with 
the gate boundaries (See Supplementary Information 
S1) [33]. The left/right metal gates (VLM/VRM) and the silicon 
back gate (VSi) independently tune the carrier density of the 
corresponding device region above, while compete in 
determining the carrier densities at region boundaries (nQPC). 
The measurements are conducted in a 3He/4He dilution 
refrigerator at a base temperature of ~ 10 mK. The 4-probe 



 

resistance is measured by applying an alternating current of 
100 nA through the source and drain contacts and measuring 
the voltage difference between two additional contacts 
across the device (See Supplementary Information S1 for 
more detailed discussion). By applying an out-of-plane 
magnetic field B, a 1D constriction is created near the mutual 
edge of all three device regions (fig. 1b). The electrostatics 
near this critical device region benefits from several 
elaborate experimental designs distinctive from 
conventional gate-defined QPCs. This allows precise control 
over QHES in the channel via an “L”-shaped electrostatic 
profile (See Supplementary Information S2) [33].  

The doping of the channel is co-controlled by all three 
gates, allowing more versatile and precise control inside the 
channel. The width of the channel is tuned by fringing-field-
defined QPC, with a tunable smooth electrostatic profile for 
spatial separation/isolation of QHES. Fig. 1c illustrates the 
carrier density distribution in the device for six typical 
configurations of QHES in the channel, each demonstrated 
by and corresponding to a marked data point in measured 
four-probe resistance as a function of ∆𝑉୑  and 
∆𝑉ୗ୧ at 𝐵 =  4 T (fig. 1d). 𝑉୑ ≡VLM = VRM  denotes the 
same gate voltage applied to both metal gates, and ∆𝑉୑ =0 
(∆𝑉ୗ୧ = 0) defined at when region above gate 𝑉୑ (𝑉ୗ୧) is 
charge-neutral (zero carrier density). As the difference 
between the carrier density in the metal gate region, nM, and 
the carrier density in the backgate region, nSi, becomes 
larger, the channel width decreases. The QH states on two 
hybrid boundaries of the channel are completely merged 
(separated) when |nM – nSi| is sufficiently large (small). This 
leads to quantized fractional conductance (zero longitudinal 
resistance), typical for PNP junctions (Hall bars) [48,49]. At 
the transition between the merged and separated regimes, the 
counter-propagating or co-propagating QHES at the two 
boundaries of the QPC are tunnel-coupled. In this “coupled” 
regime, the emergence, position, coupling, transmission, and 
evolution of the QHES can be precisely controlled in the 
device. It is important to note that conductance quantization 
is not expected with this device operation scheme, due to the 
hybridization of edge states at the pn and pp interface near 
the channel [48]. 

We first tune the QPC near the coupled regime while the 
channel and backgate regions are of the same carrier type. 
This corresponds to QHES co-propagating at the two 
boundaries of the channel. Fig. 2b shows the measured 
resistance as a function of ∆𝑉ୗ୧ and B with the metal gate 
voltages kept constant (∆𝑉୑  = -1.75 V). For a given B, 
changes in ∆𝑉ୗ୧ simultaneously tune the width and doping 
of the channel. Increasing |∆𝑉ୗ୧| results in a larger difference 
in carrier density between the channel and the backgate 
region. This increases the penetration of the fringing field 
into the channel, reducing the channel width. At small (large) 
|∆𝑉ୗ୧| , the channel is wide (narrow) enough to enter the 
separated (merged) regime, and the measured resistance is 
zero (large). In the separated regime, the filling factors are 
vQPC = -2 for the channel (as well as the metal gate region) 

and vSi = -6 for the backgate region (light blue hexagon 
marker), and for the merged regime, vQPC = vSi = -6 (golden 
square marker).  

The ∆𝑉ୗ୧ fringing field also directly competes with ∆𝑉୑ 
in determining the carrier density in the QPC, nQPC, while nM 

remains unchanged. As |∆𝑉ୗ୧| increases towards the merged 
regime, vQPC evolves from -2 to -3, from -3 to -4, from -4 to 
-5, and eventually to -6 (fig. 2a). Each time a degeneracy-
lifted LL in the channel is in resonance (colored markers) 
with the Fermi energy, the corresponding QHES on the 
electrostatic boundary moves to the center of the channel and 
transitions into a bulk extended compressible state. This 
results in selective backscattering of that particular 
compressible strip and a peak in the measured resistance (fig. 
2c,e). Further increasing |∆𝑉ୗ୧| fully fills the LL, resulting in 
the corresponding QHES moving to the physical boundary. 
This measurement demonstrates the precise movement of 
each compressible strip from one boundary of the QPC to the 
other and the ability to turn on (off) the topological 
protection from back-scattering while it is tuned to locate at 
the boundary (center) of the QPC. This allows selective 
reflection of a chosen QHES while transmitting others.  

As the ν = -2 gap increases with increasing B, a higher p-
type doping is needed to maintain resonance of a 
degeneracy-lifted LL with the Fermi level for a given 
resistance peak. This leads to a shift in the position of the 
observed resistance peak as a function of B (fig. 2b,d).  

We now configure the QPC in the coupling regime while 
the channel and backgate region are of opposite carrier types. 
This corresponds to counter-propagating QHES at the two 
boundaries of the channel (fig. 3). Similar to the previous 
case, ∆𝑉ୗ୧ simultaneously tunes the width and doping of the 
channel. The measured resistance is zero (large) when |∆𝑉ୗ୧| 
is small (large), as the channel is wide (narrow) enough to 
enter the separated (merged) regime. In particular, the 
separated regime corresponds to vQPC = 2 for the channel (as 
well as the metal gate region) and vSi = -2 for the backgate 
region (light blue circle marker). The merged regime 
corresponds to vQPC = vSi = -2 (red diamond marker).  

The microscopic details of the coupling regime are in 
contrast with the previous case. As |nQPC| increases through 
the coupling regime, vQPC subsequently evolves from 2 to 1, 
then to 0 right before the channel width reaches zero (fig. 
3a). Each time a degeneracy-lifted LL in the channel is in 
resonance (light green hexagon and orange square markers) 
with the Fermi energy, a pair of counter-propagating 
topological compressible strips on the opposite boundaries 
of QPC combine into a bulk extended compressible state in 
the center. This results in the backscattering of the state and 
a peak in the measured resistance. For |nQPC| slightly lower 
than the value at which the resistance peak is observed, the 
two counter-propagating QHES are brought into close 
proximity (but not merged), with their tunnel coupling and 
transmission rate continuously tunable, allowing controlled 
tunneling spectroscopy of QH states. Further increasing 
|nQPC| from the peak value eventually fully fills the LL, 



 

resulting in the elimination of the QHES from the channel. 
At the same time, the next pair of counter-propagating QHES 
is brought closer towards the center of the channel. We note 
that the bottom two degeneracy-lifted LL cannot participate 
in this process due to their p-type nature (fig. 3a).  

As the ν = 0 gap (displacement-field induced inversion-
symmetry breaking [50]) increases with increasing B, a 
lower p-type doping level in the backgate region is needed 
to keep the LL between v = 1 and v = 2 in resonance with the 
Fermi level. This leads to the observed peak position shift as 
a function of B. The distance in |∆𝑉ୗ୧| to the next resistance 
peak increases dramatically with B, suggesting the 
interaction driven v = 1 gap increases with B.  

The v = 1 gap (fig. 3c,e) also increases as ∆𝑉୑  (∆𝑉ୗ୧) 
trend towards increasingly negative (positive) values 
respectively, and n-type compressible strips are pushed away 
from the disordered physical edge (See Supplementary 
Information S5) [33].  This demonstrates manipulation 
over the energy gaps between degeneracy-lifted LL via 
controlling the proximity of the QHES to the physical 
boundary.  

Figure 4a shows the measured longitudinal resistance as a 
function of DC bias and ∆𝑉ୗ୧. An alternating current of 50 
nA is applied on top of the DC current bias. By applying a 
DC Bias, the Hall voltage on the two sides of the channel 
becomes comparable to the energy gaps between 
degeneracy-lifted LL which leads to controlled breakdown 
of the QHES. Similar to the Coulomb Blockade (CB) 
phenomena in a quantum dot [51], the on/off of tunneling 
current across the 0D region at the center of the channel 
depends on whether a degeneracy-lifted LL resides within 
the bias window. When a degeneracy-lifted LL is tuned 
within the bias window (blue hexagon marker), electrons can 
tunnel from a QHES on one side of the channel to the other, 
leading to finite measured resistance. In contrast, when no 
LL resides in the bias window, the tunnel current is blocked 
(similar to the CB) and the QHES on the two sides of the 
channel are effectively decoupled, leading to zero 
longitudinal resistance. (Also see Supplementary 
Information S4 for more details) [33].  

 The aforementioned tunneling spectroscopy of QHES in 
the channel is a direct and accurate measurement of energy 
gaps between degeneracy-lifted LL [52] without relying on 
variable temperature [53]. At zero bias, the blockade is 
achieved (purple circle) unless a LL is in resonance with the 
source-drain chemical potential (green pentagon). As the 
bias size increases, the range of ∆𝑉ୗ୧ that satisfies the CB 
condition (corresponding to an energy range at which no LL 
can be found in the bias window) decreases by the size of 
bias applied. When the bias window is the same size as the 
energy gap, the CB is lifted, and finite longitudinal resistance 
is expected for all ∆𝑉ୗ୧. 

Along the high resistance “Coulomb Diamond” boundary, 
the DC bias and ∆𝑉ୗ୧  are changing linearly to keep the 
energy gap and source-drain chemical potential the same. 
The measured resistance of co-tunneling states is 0.45 kΩ, 

and the backgate effect in terms of energy can be 
characterized as 0.403 meV/V (See Supplementary 
Information S3) [33]. The energy gap Δ of between broken-
symmetry QHES is characterized at different magnetic and 
electrostatic fields (fig. 4c-f) (See Supplementary 
Information S7) [33]. A relatively constant gap size is 
observed for v = -5, -4, -3 (fig. 4c,d), while the v = 1 gap (fig. 
4e,f) is found to increase with increasing B when QHES are 
electrostatically displaced from the physical edge. This is 
consistent with the previous measurements in this work. 

In summary, we have presented a hybrid-edge and dual-
gated QPC with carefully-engineered “L-shaped” 
electrostatics. We demonstrate precise manipulation over the 
emergence, position, and evolution of broken-symmetry 
QHES, and selective control over their transmission and 
hybridization. By facilitating controlled quantum tunneling 
between QHES in a way similar to the CB phenomena, we 
accurately characterize and tune the symmetry-broken LL 
gaps with local electrostatic, magnetic fields and proximity 
to disorder. Our work provides an approach for improved 
manipulation and characterization of quantum states with 
low underlying energy and/or spatial separation, such as 
fractional Quantum Hall states and moiré correlated states. 
This will allow us to work towards more advanced quantum 
devices utilizing their exotic physical properties. 
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Figure 1. Gate Tunable Quantum Point Contact. (a) Schematic of the device. The sample can be electrostatically defined 
into three regions, whose carrier densities are control by the metal gates (GLM and GRM) and silicon backgate (GSi), 
respectively. Inset: Zoom-in on the QPC. The red arrow indicates the direction of x. (b) Corresponding carrier density 
distribution. The blue and red colors represent the N-type and P-type carrier density. (c) Carrier density distribution in the 
region near the QPC channel, at six typical configurations. The doping in center of channel (nQPC) is simultaneously 
determined by the fringing field from GLM, GRM, and GSi from beneath the gate-separation. (d) Measured four-probe 
resistance as a function of voltage applied with respect to charge neutrality, ∆𝑉୑ and ∆𝑉ୗ୧ at B = 4 T. 



 

 

   
Figure 2. Selective Manipulation of Broken-symmetry Quantum Hall States at PPP Configuration. (a) Schematics of 
the evolution of spatial distribution (denoted by coordinate x along the width of QPC) of QH states in the QPC channel as 
𝑉ୗ୧ is tuned. At certain 𝑉ୗ୧ values, compressible strips at channel boundary are brought to the center of the channel (color 
dashed-line), while its corresponding Landau level brought to Fermi energy (energy band-diagram with corresponding color 
marks). This leads to backscattering of the selected QH state, giving rise to resistance peaks observed in (b) the measured 
4-probe resistance as a function of ∆𝑉ୗ୧  and magnetic field B (at constant ∆𝑉୑  = -1.75 V). (c) The evolution of the 
resistance peaks as a function of ∆𝑉୑ and ∆𝑉ୗ୧ at B = 5.5 T. (d) Line cuts of panel b as a function of ∆𝑉ୗ୧ at various 
constant B field, from 6.5 T to 5.5 T. (e) Line cuts of panel c as a function of ∆𝑉ୗ୧ at various constant ∆𝑉୑ value from 
+0.2 V to -0.5 V.  
 



 

  

  
Figure 3. Selective Manipulation of Quantum Hall States at PNP Configuration. (a) Schematics of the evolution of 
spatial distribution (denoted by coordinate x along the width of QPC) of QH states in the QPC channel as 𝑉ୗ୧ is tuned. At 
certain 𝑉ୗ୧ values, counter-propagating compressible strips (of the same Landau index) at the opposite channel boundaries 
are brought into equilibrium at the center of the channel (color dashed-line), while its corresponding Landau level brought 
to Fermi energy (energy band-diagram with corresponding color marks). This leads to backscattering of the selected QH 
state, giving rise to (b) resistance peaks observed in the measured 4-probe resistance as a function of ∆𝑉ୗ୧ and magnetic 
field B (at constant ∆𝑉୑ = 1.0 V). (c) Measured resistance as a function of both dual-bottom gates at B = 6.5 T. (d) Line 
cuts of figure 3b at different magnetic fields from 5.5 T to 6.5 T along the arrow direction. (e) Line cuts of figure 3c at 
different ∆𝑉୑  from 1.10 V to 1.30 V along the arrow direction. 



 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Characterization of Degeneracy-Lifted Landau Gap via Tunable Quantum Hall Tunneling Spectroscopy. 
(a) Measured resistance as a function of ∆𝑉ୗ୧ and DC bias. and (b) energy level diagram for typical energy configuration 
(color mark). Tunnel current between co-propagating QH edges (brough close at the center of the channel is blocked 
(allowed) when LL resides out (in) the bias window, leading to zero (finite) lateral resistance of QPC. (c)(d) Extracted 
energy gap Δ at v = -5, v = -4, v = -3 as a function of electrostatics and magnetic field, measured from PPP configuration. 
(e)(f) Extracted energy gap Δ at v = 1 as a function of electrostatics and magnetic field, measured from PPP configuration. 


