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Magic-angle twisted bilayer graphene (MATBG) combines in one single material different phases such as
insulating, metallic, and superconducting. These phases and their in situ tunability make MATBG an important
platform for the fabrication of superconducting devices. We realize a split-gate-defined geometry which enables
us to tune the width of a superconducting channel formed in MATBG. We observe a smooth transition from
superconductivity to highly resistive transport by progressively reducing the channel width using the split
gates or by reducing the density in the channel. Using the gate-defined constriction, we control the flow of
the supercurrent, either guiding it through the constriction or throughout the whole device or even blocking
its passage completely. This serves as a foundation for developing quantum constriction devices such as
superconducting quantum point contacts, quantum dots, and Cooper-pair boxes in MATBG.

DOI: 10.1103/PhysRevResearch.6.L012051

Introduction. Magic-angle twisted bilayer graphene
(MATBG) offers highly tunable quantum states [1,2], which
have enabled a novel class of gate-defined superconducting
nanodevices such as Josephson junctions [3–5], supercon-
ducting quantum interference devices (SQUIDs) [6], and ring
geometries showing Little-Parks oscillations [7]. All these
devices rely on defining interfaces between resistive and
superconducting phases. In a gate-defined narrow MATBG
constriction, the interface between the superconducting and
resistive phases can be continuously controlled and studied.
In Bernal bilayer graphene, a constriction (e.g., a quantum
point contact [8,9]) can be formed due to its gate-tunable
band gap of a few 100 meV [10,11]. However, in the case of
MATBG, the size of the band gap between the flat band and
the dispersive band is one order of magnitude smaller [4].
Therefore it is challenging to form a similar constriction and
the question arises, whether it is possible at all to realize
a narrow superconducting channel by tuning the width of
confining resistive states.

In this Letter, we demonstrate a gate-defined supercon-
ducting channel in MATBG. We observe a smooth transition
from supercurrent to highly resistive transport (pinch-off) by
progressively reducing the channel width using split gates or
by reducing the density in the channel using the channel gate.
We find that the supercurrent in the constriction can be turned
on and off. These results will serve as the foundation for de-
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veloping constriction-based devices such as superconducting
quantum point contacts, quantum dots, or Cooper-pair boxes
in MATBG.

Device and bulk characterization. The fabrication starts by
encapsulating MATBG (light green) between two hexagonal
boron nitride (hBN) layers of thickness 59 and 61 nm (dark
green). Additionally, a graphite layer (dark gray) is picked up,
serving as the back gate. The lateral device layout is shown
in Fig. 1(a). To form electric contacts (orange in the figure),
we etch the top hBN using reactive ion etching (RIE) and
evaporate Cr(5 nm)/Au(65 nm). On top of the top hBN, we
evaporate Cr(5 nm)/Au(15 nm) split gates (blue) with a gap
of 150 nm. After depositing a 40-nm layer of aluminum oxide,
an additional channel gate (yellow) with a width of 400 nm (in
the direction of current flow) is deposited, covering the region
in between the split gates. Our gate configuration defines three
different areas in the MATBG mesa: The leads shown in light
green and tuned only by the back gate, the split-gated region in
blue, tuned by split gates and the back gate combined, and the
channel in between the split gates and below the channel gate.
Since the thickness of the top hBN (59 nm) is comparable to
the lateral dimension of the split gate (150 nm), the channel
region is tuned not only by the channel gate and the back gate,
but also by the split gates due to fringe fields. We perform two-
terminal transport measurements at a temperature of 24 mK.

To characterize the twist angle between the graphene lay-
ers of the sample, we apply a dc current (I = 10 nA) and
measure the resulting voltage drop V . We sweep the back-
gate voltage Vbg while keeping the split-gate voltage Vsg and
the channel-gate voltage Vcg at zero, thus probing the bulk
(leads, split-gated region, and channel together). The resulting
resistance R = V/I is shown in Fig. 1(b), exhibiting sev-
eral peaks originating from different filling factors ν of the
moiré unit cell. The peak at around Vbg = 0 indicates charge

2643-1564/2024/6(1)/L012051(6) L012051-1 Published by the American Physical Society

https://orcid.org/0000-0003-3503-4940
https://orcid.org/0000-0001-7202-777X
https://orcid.org/0009-0000-1010-2922
https://orcid.org/0009-0007-4830-4934
https://orcid.org/0000-0002-1467-3105
https://orcid.org/0000-0003-3701-8119
https://orcid.org/0000-0003-3828-8153
https://orcid.org/0000-0001-6732-6513
https://orcid.org/0000-0002-5587-6953
https://orcid.org/0000-0001-7007-6949
https://orcid.org/0000-0003-2668-8328
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.6.L012051&domain=pdf&date_stamp=2024-03-06
https://doi.org/10.1103/PhysRevResearch.6.L012051
https://creativecommons.org/licenses/by/4.0/


GIULIA ZHENG et al. PHYSICAL REVIEW RESEARCH 6, L012051 (2024)

FIG. 1. (a) False-colored scanning electron microscopy (SEM)
picture of the sample. The white scale bar at the bottom left indicates
1 µm. MATBG (light green), contacts (orange), split gates (blue),
and a channel gate (yellow) are shown. Inset: Schematic of the
stack (thickness not to scale). (b) Characterization of the device with
Vcg = 0. Line cut at Vsg = 0 with annotations of filling factor ν = −1,
−1/2, 0, 1/2, and 1 states. (c) Mapping of the resistance as a function
of Vsg and Vbg. Black dashed lines labeled ν ′ = −1, −1/2, 0, 1/2
indicate filling factors in the split-gated area. The pink dashed line
highlights the transition from low to high resistance in the hole side.
The inset shows the superconducting current-voltage characteristic
taken at Vsg = 0 and Vbg = −7.44 V (indicated by a black star). The
red double-sided arrow is the gate voltage range in which Fig. 2(a) is
taken.

neutrality (ν = 0). At negative Vbg, we observe full-filling
(ν = −1, where the Fermi level moves into the dispersive
band overcoming a small band gap) and half-filling (ν =
−1/2) peaks for holes. At positive voltages we observe half
filling (ν = 1/2) for electrons, where the Fermi level resides
within the flat bands. Superconductivity appears at filling
factors slightly larger than 1/2. Filling ν = 1 for electrons
cannot be reached due to the voltage range of the back gate
being limited by leakage currents. We extract the twist angle
between the graphene layers of the device from the density of
the ν = −1 peak, which leads to 1.1◦ (see Appendix A).

To demonstrate the area-selective tunability of moiré filling
factors, Fig. 1(c) shows R as a function of Vsg and Vbg. Filling
factors ν ′ = −1, −1/2, 0, 1/2, and 1 below the split gates are
indicated with black dashed lines. The inset in Fig. 1(c) shows
a typical current-voltage (I-V ) characteristic in the supercon-
ducting regime at Vbg = −7.44 V, Vsg = 0, and Vcg = 0. Here,
a constant contact resistance of 10 k�, observed as the offset
resistance at zero-bias current in the superconducting regime,
is subtracted from the raw data. In the remainder of this Letter,
we consider transport to be superconducting when such an I-V
characteristic is observed.

A question arising from the map shown in Fig. 1(c) is
the origin of the highly resistive area that spans out in the
ν ′ < −1 region (see the blue region delimited by the dashed
pink line). In a standard back-gated MATBG without any
top gates [1,2], only a resistance peak can be observed as
a function of Vbg and not a resistive area as a function
of Vbg and Vsg. In addition, at first glance, one would ex-
pect the edge of this high resistive area (dashed pink line)
to coincide with the predicted ν ′ = −1 (the labeled dashed
black line). The explanation for why this is not the case lies
below.

Tunable superconducting channel: Control via split gates.
We now study the effect of the split gates on the supercurrent.
We tune the leads to the superconducting regime by setting
Vbg = −7.44 V [cf. red arrow in Fig. 1(c)] and keep Vcg =
0. Figure 2(a) shows the dV/dI characteristics numerically
calculated from the measured dc V -I data as a function of
the current I and the split-gate voltage Vsg. We assign the
state of the carrier gas below the split gates as a function
of Vsg according to Fig. 1(c) and a capacitance model (see
Appendix B) as indicated in Fig. 2(a) by the colored bar above
the color plot. When −6 V < Vsg < −2.8 V, the filling factor
under the split gate is smaller than −1, and thus the carrier gas
in the region below the split gates is either a band insulator
(BI) or the Fermi energy is in the dispersive band. When the
voltage is increased to Vsg > −2.8 V, the Fermi energy in the
region below the split gates is in the flat bands.

In the range −6 V < Vsg < −5.5 V [before the pink dot
in Fig. 2(a)], the device shows a large zero-bias resistance
of 0.48 M�. This can also be seen in the large slope of the
I-V characteristic in Fig. 2(b) (black dashed line). Such a
high resistance despite superconducting (SC) leads means that
not only is the region below the split gates resistive, but the
resistive region extends into the channel region between them
due to fringe fields.

When the split-gate voltage is increased to −5.5 V < Vsg <

−2.8 V [beyond pink dot in Fig. 2(a)], the device shows
low resistance at low bias and a nonlinear I-V characteris-
tic reminiscent of a superconductor as shown by the yellow
curve in Fig. 2(b). In this regime, the transport characteristic
across the sample remains superconducting even though the
area below the split gates is resistive. This indicates that
a supercurrent flows through the channel while the split-
gated region confines the flow. When Vsg is increased beyond
−2.8 V, the nonlinear transport and the critical currents be-
come more prominent [see green curve in Fig. 2(b)]. In this
regime, the supercurrent extends from the channel into the
split-gated regions, eventually rendering the entire device
superconducting.

L012051-2
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FIG. 2. Differential resistance (dV/dI) as a function of current I and gate voltages. (a) Split gate Vsg is swept while keeping Vcg = 0 V.
(b) Voltage drop as a function of dc current and zoom-in picture of dV/dI at Vsg = −5.8 (pink), −4 (yellow), −1 (green) V. (c) Channel gate
Vcg is swept while keeping Vsg = −4.5 V. (d) I-V trace and zoom-in picture of dV/dI at Vcg = −2.8, −1, and 2 V. The states under the split
gate (dispersive band/BI or flat band/SC) are indicated by the bars above the top axes. In all cases, Vbg is kept at zero. Pink, yellow, and green
dashed vertical lines show the gate voltage at which the line cuts are taken. Illustrations of the device’s state (pinch-off, SC channel, or SC
bulk) are also shown. Red circle and star symbols show the onset of pinch-off.

Tunable superconducting channel: Control via channel
gate. In Figs. 2(c) and 2(d) we show that the conductance
of the superconducting channel can also be tuned with the
channel-gate voltage. It is only the channel that is tuned by
Vcg because the metallic split gate screens the electric field of
the channel gate. We keep the leads superconducting (Vbg =
−7.44 V) and tune the Fermi energy in the split-gated regions
into the dispersive bands (Vsg = −4.5 V). This corresponds to
the condition in Fig. 2(a) indicated by the black triangle on the
upper axis.

Under these conditions, we see in Fig. 2(c) at Vcg = 0
nonlinear transport indicating superconducting behavior con-
sistent with Fig. 2(a). By reducing Vcg below −1.5 V, thereby
tuning the Fermi energy in the channel towards the BI or
the dispersive band, the device exhibits a high resistance
of 1.1 M� and a nonlinear I-V characteristic with a large
slope around zero bias as shown in Fig. 2(d) (black dashed
line). This means that the superconducting channel is pinched
off. Note that the light green line in Fig. 2(c) is an artifact.
When Vcg is increased above 0 V, the superconductivity in
the channel is enhanced as illustrated by the green curve in

Fig. 2(d). The confinement of the superconducting current to
the channel and the local gate tunability of the channel from
the superconducting to the highly resistive (pinch-off) state of
the constriction are the central experimental findings of this
Letter.

Vcg vs Vsg mapping of resistance. To further highlight that
the pinch-off in Fig. 2(c) originates from the channel, we show
the resistance of the device as a function of Vsg and Vcg in
Fig. 3. Pink symbols indicate the gate voltages at which the
channel is pinched off as observed in the data of Figs. 2 and 5
(see Appendix C). These values lie on a line with a negative
slope (see the black line in the figure). This means that there
exists a regime in which the channel conductance is controlled
by both Vsg and Vcg. This is due to the fringe fields of the
split gates, such that the channel conductance is controlled
by all three gates. This additionally explains the origin of the
discrepancy between the expected ν ′ = 1 (the labeled dashed
black line) and the high resistance edge (dashed pink line)
in Fig. 1(c). In between the two dashed lines, the resistance
is low because even if the split-gated region is resistive, a
supercurrent can still flow through the channel. Only when the
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FIG. 3. Mapping of resistance as a function of Vsg and Vcg at
a constant back-gate voltage of Vbg = −7.44 V. Colored symbols
and black line interpolating between them indicate the threshold
gate voltages of the pinch-off. The gate-voltage regime where high
resistances (R > 20 k�) are observed is annotated as “Pinch off.”

channel is pinched off due to the effect of the fringing fields
do we measure a high resistance.

Discussion. In narrow superconducting channels, it has
been predicted that the critical current becomes quantized as
the channel size is reduced when the BCS coherence length
of the superconductor is longer than the channel length [12].
A stepwise change of supercurrent, if not the predicted exact
quantization, has been observed in various materials such as
InAs [13–16], Ge/Si [17,18], and SrTiO3 [19]. In our device,
we did not observe such quantization of the critical current. In
MATBG, the BCS coherence length is estimated to be from a
few tens of nm up to 100 nm [3,7]. The length of our channel
is 400 nm, which is much longer than the estimated coherence
length. In order to observe the quantization of the critical
current, it is necessary to reduce the channel length down
to less than 100 nm, which is possible by advanced electron
beam lithography.

Furthermore, we discuss the conditions at which the pinch-
off occurs. In Figs. 2(a) and 2(c), the points at which the
channel is pinched off are (Vbg,Vsg,Vcg) = (−7.44,−5.3, 0)
and (−7.44,−4.5,−1.5) V, respectively. Using the capaci-
tance model (see Appendix B), we estimate the corresponding

FIG. 4. Resistance as a function of Vsg and Vcg. at a constant back-
gate voltage of Vbg = −7.44 V with an extended plot area.

FIG. 5. dV/dI as a function of Vsg with fixed Vbg = −7.44 V and
Vcg = −4 V. Here, the pinch-off of the channel is observed at Vsg =
−2.7 V (see the pink rotated triangular symbol). (b) shows dV/dI as
a function of Vcg with fixed Vbg = −7.44 V and Vsg = −3.5 V.

carrier densities nch in the channel to be −2.23 × 1012 cm−2

and −2.56 × 1012 cm−2. For simplicity, we do not take fringe
field effects into account in the model. By assuming an
isotropic Fermi surface and fourfold degeneracy, the corre-
sponding Fermi wavelengths λF = 2

√
π/|nch| are 23.7 and

22.1 nm, respectively. Therefore, one can estimate the min-
imal width of the channel that supports normal conducting
transport to be around this value (∼20 nm), which is signifi-
cantly smaller than its lithographic value (150 nm). Moreover,
in this narrow-channel limit, one can expect conductance
quantization in the normal conducting regime. However, we
did not observe any signature of normal conductance quan-
tization, presumably due to disorder and the relatively low
resistance of the insulating state in MATBG (∼1 M� in
this device) compared to gapped Bernal bilayer graphene
(∼100 M� [20]). Nevertheless, the superconducting channel
can be formed as long as its resistance, which is ideally zero,
is low enough compared to the resistance of the split-gated
area.

Conclusion. We have realized a gate-defined supercon-
ducting channel in MATBG by implementing a device with
a back gate and two layers of top gates (split gates and a
channel gate). We observe a transition from superconduct-
ing to highly resistive (up to ∼1 M�) transport through the
channel by tuning the split-gate and channel-gate voltages.

L012051-4
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This shows that it is possible to define a narrow super-
conducting channel by tuning the width of the confining
resistive areas. The threshold at which the pinch-off occurs
depends not only on the channel gate but also on the split-
gate voltage, indicating the essential role of the fringe field
effects. Our findings serve as a foundation for developing
quantum constriction devices such as superconducting quan-
tum point contacts, quantum dots, and Cooper-pair boxes in
MATBG.
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Appendix A: Extraction of twist angle. We extract the twist
angle of the sample using the relation θ = 2 arcsin( a

2L ). Here,
a is the lattice constant of graphene, and L is the moiré pe-
riodicity, representing the distance between two AA-stacked
regions. L is related to the area A of the moiré unit cell via

L = 2
√

2A/
√

3. A moiré unit cell can host four electrons

due to spin and valley degeneracy. Using this, the full filling
resistance peak appears at the density that corresponds to the
occupation of four electrons per moiré unit cell A = 4

nν=1
.

Appendix B: Capacitance Model. To estimate the carrier
density in the device, we estimate the capacitance per unit
area of the back gate, split gate, and channel gate to be Cbg =
ε0εhBN/dbot, Csg = ε0εhBN/dtop, and Ccg = ε0εhBNεAlOx/

(εhBNdtop + εAlOxdAlOx). Here, ε0 = 8.854 × 10−12 is the
vacuum permittivity, εhBN = 3.3 and εAlOx = 9.5 are the
relative permittivities of the hBN and the aluminum
oxide, dtop and dbot are the thicknesses of the top and
bottom hBN, and dAlOx is the thickness of the aluminum
oxide layer. We then calculate the carrier density of the
lead as nbg = CbgVbg/e, the region below the split gate as
nsg = (CbgVbg + CsgVsg)/e, and the region below the channel
gate as ncg = (CbgVbg + CcgVcg)/e, where e is the elementary
charge.

Appendix C: Extended map of R(Vcg,Vsg). The same map
as Fig. 3 but with an extended range is shown in Fig. 4. The
threshold for pinch-off extracted from the I-V characteristic
measurements are plotted as symbols. Even though the data
cannot be measured due to the leakage of the gate that hap-
pened at the last stage of the entire experiment, one can clearly
see the linear relation between the threshold value of Vcg and
Vsg.

Appendix D: Extended map for dV/dI (I,Vcg) and
dV/dI (I,Vsg). We measure the behavior of the superconduct-
ing channel in the same manner as in Fig. 2 but in two more
configurations as shown in Fig. 5. In Fig. 5(a), Vsg is swept
with fixed Vbg = −7.44 V and Vcg = −4 V. Here, the pinch-
off of the channel is observed at Vsg = −2.7 V (see the pink
rotated triangular symbol). In Fig. 5(b), Vcg is swept with fixed
Vbg = −7.44 V and Vsg = −3.5 V. Here, the pinch-off of the
channel is observed at Vcg = −2.88 V (see the pink rotated
triangular symbol). These points are plotted in Figs. 3 and 4.
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