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ABSTRACT: Twisted bilayer graphene (t-BLG) has recently been introduced as a
rich physical platform displaying flat electronic bands, strongly correlated states,
and unconventional superconductivity. Studies have hinted at an unusual Z2
topology of the moire ́ Dirac bands of t-BLG. However, direct experimental
evidence of this moire ́ band topology and associated edge states is still lacking.
Herein, using superconducting quantum interferometry, we reconstructed the
spatial supercurrent distribution in t-BLG Josephson junctions and revealed the
presence of edge states located in the superlattice band gaps. The absence of edge
conduction in high resistance regions just outside the superlattice band gap
confirms that the edge transport originates from the filling of electronic states
located inside the band gap and further allows us to exclude several other edge conduction mechanisms. These results confirm the
unusual moire ́ band topology of twisted bilayer graphene and will stimulate further research to explore its consequences.
KEYWORDS: two-dimensional materials, twisted bilayer graphene, topology, edge states, Josephson junctions, moire ́

Stacking two two-dimensional (2D) lattices with a relative
twist angle or a slight lattice mismatch has been shown to

extend the potential of 2D materials by generating a larger
(quasi-) periodic lattice, called a moire ́ pattern (Figure 1a).1−5

For instance, the moire ́ pattern has been found to both localize
and tune interlayer excitons in transition metal dichalcogenides
heterostructures.6−10 In twisted bilayer graphene (t-BLG),
near the magic angle of 1.05°, hybridization and interference of
the Dirac cones of the two layers can lead to a drastic
reduction of the electronic bandwidth of the lowest moire ́
bands and to the formation of superlattice (SL) band gaps11,12

(Figure 1b). These flat mini-bands give rise to various
correlated electronic phases such as unconventional super-
conductivity.13−17 Recently, the nontrivial band topology of t-
BLG has attracted a lot of attention.18−27 In fact, the moire ́
Dirac bands are topologically characterized by two nontrivial
Z2 invariants.

25 Moreover, theoretical analyses suggest that t-
BLG could be an experimentally accessible second-order
topological insulator hosting gapped edge states25 and in-gap
corner states.19,24,26 Transport and scanning-tunnelling mi-
croscopy studies of Bernal-stacked and minimally twisted t-
BLG revealed the presence of valley-projected helical 1D states
at the boundaries between AB and BA stacked domains.28−32

On the other hand, nonlocal transport measurements point
toward the existence of edge states within the SL band gaps of
t-BLG near and above the magic angle.25 Nonetheless, direct
observations of the edge states emerging from of the nontrival
moire ́ band topology are critically needed.
Herein, using superconducting quantum interferometry

(SQI) we reconstruct the supercurrent spatial distribution in
t-BLG Josephson junctions (JJs).33,34 By tuning the position of

the Fermi level, we demonstrate the redistribution of the
conduction channels from the bulk to the edges of the JJs as
the Fermi level enters the SL band gap. Edge conduction
mechanisms unrelated to the moire ́ bands, such as conduction
by trivial dangling bond states, are excluded because of the
absence of edge current in high-resistance regions just outside
the SL band gaps. Furthermore, we identify an anomalous
periodicity in the magnetic flux dependence of the super-
current at fillings between approximately ±4−5 electrons per
moire ́ unit cell in devices with high twist angle homogeneity.
t-BLG heterostructures (twist angle of 1.2−1.8°) encapsu-

lated by hBN were fabricated using the tear and stack
method3,35 (Figure 1c). Extremely clean interfaces between the
layers were produced by squeezing contaminants out of the
heterostructures with an atomic force microscopy tip.36 Edge
contacts to superconducting molybdenum−rhenium (MoRe)
were used to define MoRe/t-BLG/MoRe JJs with width (W)
of 2−3 μm and length (L) of 100−300 nm (Figure 1d, e). The
carrier concentration (n) in t-BLG is controlled by a global
silicon back gate (Figure 1d). The two-terminal resistance of
device 1 (D1) (W = 3 μm, L = 100 nm, twist angle of 1.74°),
measured at 80 K, shows the insulating states at n = ± 7.0 ×
1012 cm−2

, corresponding to fillings of ±4e per moire ́ unit cell
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(n = ns). We note that the high resistance in the metallic state
(n ≈ 0.5ns) is due to the finite resistance (∼2.5 kΩ) of the
MoRe leads above Tc.

37 Nonetheless, the sheet resistance of
the JJ associated with the SL peak is Rs ≈ 18 kΩ/□ (resistance
difference between the insulating and conducting states),
which indicates a high device quality and relatively good twist
angle homogeneity (Figure S1). This is critical for the
observation of the edge states, as impurities or twist-angle
inhomogeneities can easily shunt the device because of its
ultrashort length.
We now turn our attention to the behavior of the t-BLG JJ at

T = 300 mK. Applying a perpendicular magnetic field B
introduces a position-dependent phase across the device, thus
resulting in an interference pattern of the critical current of the
Josephson junction Ic(B):

33,34

I B J x i L Bx x( ) ( )exp 2 ( 2 ) / dc s L 0= [ + ]
(1)

where Js is the supercurrent density, λL is the effective London
penetration depth of the magnetic field in the superconducting
MoRe electrodes (accounting for flux focusing34), and Φ0 = h/
2e is the magnetic flux quantum. This method allows for the
reconstruction of the supercurrent density in 2D materials JJs
by taking the inverse Fourier transform of eq 1.34,38,39

Moreover, the interference pattern originating from the
magnetic flux enclosed by the JJ (Φ) can be used to readily
identify the dominating conducting channels. In fact, a uniform
current distribution across the junction leads to a Fraunhofer-
like interference pattern Ic(B) ∼|sinc(πΦ/Φ0)| (Figure 2a),
where the amplitude of the lobes (Ic) decays as 1/B and the
width of the center lobe (2Φ0) is twice the width of the side

lobes (Φ0). On the other hand, edge conduction leads to a
sinusoidal SQUID-like pattern Ic(B) ∼ |cos(πΦ/Φ0)| (Figure
2b), where all lobes have a width of Φ0 and identical
amplitude.
The Ic(B) interference patterns at and away from the SL

band gap (Figure 2c) are shown in Figure 2d. When the Fermi
level is placed outside the gap (n = 0.32ns) or at the Dirac
point, Fraunhofer interference patterns are observed (Figure
2d and Figure S2). The width of the center and side lobes are
1.92 and 0.96 mT, and Ic decays as 1/B. This is reflected in the
reconstructed spatial supercurrent distribution (Figure 2e),
which is mostly homogeneous along the width of the t-BLG JJ
(Figure 2e). Although expected, this homogeneous conduction
shows that there are no appreciable current inhomogeneities
introduced by uneven contact transparency or length variations
along the ultrashort junction, for instance. On the other hand,
the interference pattern undergoes significant changes when
the Fermi level enters the band gap (0.96ns and ns in Figure
2d). There, Ic decreases because of the high resistance.
Furthermore, the width of the central lobe reduces to 1.6 mT
at 0.96ns and 1.7 mT at ns. The amplitude of the side lobes
remains relatively constant up to at least 10 mT (Figure 2d and
Figure S2). Such SQUID-like characteristics suggest edge
conduction. Nonetheless, the width and amplitude of the
central lobe is still larger than the side lobes, which indicates
the presence of residual bulk conduction. Moreover, the side
lobes’ periodicity is not constant, revealing current inhomo-
geneities. The supercurrent reconstructions allow to visualize
the transition from bulk to edge conduction when the Fermi
level approaches ns (Figure 2e), implying the presence of edge
states located inside the band gap. This further strengthen the

Figure 1. (a) Schematics of the moire ́ pattern formed by twisting two graphene lattices. (b) Band structure of t-BLG with a twist angle of 1.74°. (c)
Optical microscopy image of t-BLG encapsulated by hBN. The contrast of the t-BLG region is enhanced for visibility. (d) Schematics of the t-BLG
JJs used for superconducting quantum interference measurements. MoRe edge contacts are made to the t-BLG and a variable perpendicular
magnetic field is applied. The carrier concentration is controlled by the silicon back gate. (e) Scanning-electron microscopy image of a MoRe/t-
BLG/MoRe JJ. The t-BLG is false-colored in red. (f) Two-terminal resistance as a function of carrier concentration for device D1 at 80 K. The top
horizontal axis indicates the absolute carrier concentration, and the bottom horizontal axis indicates the carrier concentration with respect to full
filling of ns (four electrons per moire ́ unit cell).
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hypothesis of the nontrivial topology of the moire ́ bands of t-
BLG.19,24−26 Nonetheless, the residual bulk conduction and
the supercurrent inhomogeneities partially shunt the edge
conduction. These imperfections likely originate from slight
twist angle inhomogeneities, which result in an uneven
position of the band gap inside the JJ.
To further understand the impact of twist angle

inhomogeneity on the Ic(B) dependence, we looked at the
behavior of other t-BLG JJs with very high sheet resistance in
the insulating state. Their large and narrow resistance peaks at
the SL gap (Figure S1) suggest a uniform distribution of the
location of the gap and thus high twist angle homogeneity. The
two-terminal resistance of device 2 (D2) (W = 2 μm, L = 100
nm, twist angle of 1.41°) as a function of n at 80 K is shown in
Figure 3a. The sheet resistance associated with the SL peak (Rs
> 50 kΩ/□) is about three times larger than for D1. Although
the fwhm of the SL peak (1.00 × 1012 cm−2) is larger for D2
than for D1 (0.81 × 1012 cm−2), the broadening on the valence
band side (left of the electron side peak) is due to the smaller
DOS and lower Fermi velocity associated with the smaller twist
angle. However, the narrow width of the conduction band side
of the peak (0.24 × 1012 cm−2 half width) is consistent with a
homogeneous twist angle. We note that the electron and hole-
side SL peaks are not exactly symmetrical, but their Rs and
width correlate with each other and are expected to be good

indicators of twist angle homogeneity. The differential
resistance (dV/dI) as a function of the DC bias (Vb) at T =
300 mK and B = 0 is plotted in Figure 3b. At filling of 1.08 and
1.05ns, dV/dI vanishes at Vb = 0 and supercurrent flows
through the JJ. However, as the Fermi level approaches the gap
(n = 0.99ns), Ic decreases because of the large normal state
resistance RN (∼3 kΩ) and thermal fluctuations thus lead to a
finite dV/dI, even at small current. Nonetheless, the clear drop
of the resistance at Vb = 0 can still be attributed to the
Josephson effect. This allows for the measurement of SQI
patterns.
The Ic(B) interference patterns and current densities at

1.39ns and 0.99ns for D2 are shown in Figure 3c−f and Figure
S3. Like D1, Ic(B) has the main characteristics of a Fraunhofer
pattern when the Fermi-level is placed outside the SL gap
(Figure 3c). Ic decays as B increases and the width of the
center lobe (1.40 mT) is approximately twice the width of the
side lobes (∼0.7 mT). We note some irregularities in the
period of the SQI at 1.39ns, because of a slightly
inhomogeneous current distribution. At full filling, Ic(B) is a
pure SQUID-like interference pattern (Figure 3e), with equal
center (B ∼ 0) side lobes width (1.88 mT). Moreover, there is
no noticeable decay of the amplitude (Ic) of the lobes with
increasing B, consistent with edge-dominated transport
without residual bulk conduction. Interestingly, the period of

Figure 2. (a) Illustration of homogeneous current flow in a JJ and the resulting Fraunhofer interference pattern. (b) Illustration of edge current
flow in a JJ and the resulting SQUID interference pattern. (c) Quasi four-terminal resistance as a function of carrier concentration at 6 K using 1 μA
AC excitation to avoid supercurrent for device D1. The colored triangles indicate the carrier concentrations for the interference patterns in d. (d)
Interference patterns at carrier concentrations below and at the superlattice band gap (300 mK). The dashed lines indicate the positions of the
nodes for the Fraunhofer pattern at 0.32ns. (e) Reconstructed supercurrent distributions for the interference patterns in d.
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the SQUID-like pattern at full filling is 2.7 times larger than the
period of the Fraunhofer pattern at 1.39ns. This is reflected in
the inverse Fourier transform of Ic(B), which yields two main
conduction channels (Figure 3f) that appear to be located
away from the physical edges of the JJ, because of the increased
period. Importantly, the 2.7 ratio is also observed in device 3
(D3), another highly homogeneous device, as detailed in the
next section.
The period increase can be caused by either the formation of

two (or three) conduction channels spaced by (1/2.7)W or by
another phenomenon that influences the period of the
interference pattern. However, there is no obvious physical
mechanism that would lead to the presence of conduction
channels spaced by (1/2.7)W, especially considering the
reproducibility of the phenomenon in devices with different
W and aspect ratios. The increased period at full filling is
therefore highly unlikely to originate from such a current
distribution. On the other hand, increased periods have been
observed in monolayer graphene JJs40 and other systems.41−44

In theory, periodicity doubling can originate from various
effects such as crossed Andreev reflections,41,42,45 nonlocal
supercurrent,43 or the presence of Majorana zero modes.44,46,47

Moreover, having a third conduction channel, located at the
center of the junction and having the same conductance as the
edge states, would double the period of the SQUID
interference pattern.45 However, even with experimental
uncertainty, the period increase in this work is larger than 2,
thus making it implausible that these mechanisms are at the

origin of the observed 2.7 ratio. Because regular Fraunhofer
patterns with consistent periodicities are observed at multiple
fillings between and away from the SL gaps, we conclude that
the SQUID patterns have an anomalous period, rather than the
other way around. Moreover, the estimated periods accounting
for flux focusing from the MoRe leads are in good agreement
with the measured Fraunhofer periods (Table S1).
In principle, the period is determined by the magnetic flux

(area and B) and the charge of the particle carrying the
supercurrent. The area can be estimated by W(L + 2λL), and
flux focusing can increase the flux through the effective area.
However, these parameters are determined by the device
geometry (W and L) and the properties of the superconductor
(λL) and should not be affected by the carrier concentration in
t-BLG. On the other hand, the magnetic field through the
junction could be influenced by the presence of a magnetic
phase. Although ferromagnetism has been observed in t-BLG
at 1/2ns

48 and 3/4ns,
17 such phases should not emerge at full

filling of the moire ́ bands (i.e., ns) and are unlikely to be
involved in our devices. Finally, a period increase is expected if
the supercurrent is carried by quasiparticles with charge smaller
than 2e. Theoretical studies hypothesized that t-BLG could be
a second-order topological insulator hosting in-gap fractional
corner charges24,26 of 5/6e and e/2. The 2.7 increase in period
would require a charge of ∼3/4e. Nonetheless, these corner
states are not protected and easily passivated, which makes
them unlikely to present themselves or dominate over the 1D
edge states in our experiment. The reproducibility of the 2.7

Figure 3. (a) Two-terminal resistance as a function of carrier concentration for device D2 at 80 K. (b) Differential resistance vs measured DC bias
across the t-BLG JJ (D2) at different fillings. (c) dV/dI vs B and IDC showing an imperfect Fraunhofer-like interference pattern at n = 1.39ns (away
from the SL gap). (d) Reconstructed current distribution in the t-BLG JJ at n = 1.39ns indicating bulk dominated conduction. (e) SQUID-like
interference pattern (dV/dI vs B and IDC) at n = 0.99ns (bottom of the SL gap). (f) Reconstructed supercurrent distribution in the t-BLG JJ at n =
0.99ns showing two main conduction channels.
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factor in two high-quality devices, and the observation of a
similar behavior on the hole side SL gap (Figure S4) suggests
that the effect is intrinsic to the band structure of t-BLG. We
also note that superconductivity can be induced by the
proximity effect on the four t-BLG edges surrounding the
channel. If this is the case, resistance oscillations with a period
of Φ0/WL = 10.34 mT would be expected because of the
Little-Parks effect,49 and significant flux focusing could explain
the measured period. Further investigation is therefore
required to better understand the phenomenon. Nonetheless,
the observed behavior at full filling is consistent with edge
dominated conduction.
Next, we take a deeper look at the evolution of the SQI

patterns at fillings around ns for the highly homogeneous
devices D2 and D3 (Figure 4). D3 has L = 100 nm, W = 2.5
μm, a 1.22° twist angle, and Rs > 60 kΩ/□ in the insulating
state at 80 K. The two devices have a similar R(n) behavior at
300 mK (Figure 4a, b). We note the presence of multiple peaks
within the SL insulating peak of D2 (Figure 4a), which can be
due to universal conductance fluctuations.50 The SQI patterns
can be readily visualized using the conductance (G) vs B
oscillations under zero DC bias (Figure 4 c, d). Indeed, even
though the finite temperature and large RN prevent to directly
measure the critical current, the conductance is still mostly
proportional to Ic when Ic is on the order of 2ekBT/ℏ,

according to simulations based on the Resistively and
Capacitively Shunted Junction (RCSJ) model (Figure S5).
A strong suppression of the supercurrent is observed when

the Fermi level is placed below the SL induced band gap
(especially clear for D2 at 0.98ns in Figure 4c). Surprisingly, as
the Fermi level enters the gap (0.99ns), edge conduction
immediately dominates the transport behavior of the t-BLG JJ
and the SQUID pattern is observed. As the conduction bands
are populated (1.00ns and above), additional contributions
overlay with the SQUID pattern and the intensity of the center
lobe becomes increasingly dominant because of the onset of
bulk conduction. Moreover, the period of the SQI pattern
gradually decreases from 1.88 mT down to 0.70 mT. The rapid
change of the conduction channels and overall dependence on
the carrier concentration further indicates that the behavior is
intrinsic to the band structure of t-BLG around ns. For
instance, increasing the carrier density from 0.98ns to 0.99ns
corresponds to adding ∼80 electrons to the device. Because
the resistance at 0.98ns and 0.99ns is almost identical, we can
exclude edge conduction mechanisms unrelated to the moire ́
bands such as trivial dangling bond states. In fact, if such edge
conduction channels were present but buried by bulk
conduction at higher carrier concentration, they would show
up at fillings with large resistance just outside the SL gap (e.g.,
0.98ns). However, the drastic change observed around ns is
consistent with the filling of topological edge states in the SL

Figure 4. (a) R vs n near the SL band gap for D2, measured at 300 mK. Inset shows the full scan from (−1.2ns to 1.2ns). The colored triangles
indicate the carrier concentrations for the data in c. (b) R vs n near the SL band gap for D3, measured at 320 mK. Inset shows the full scan from
(−1.2ns to 1.2ns). The colored triangles indicate the carrier concentrations for the data in d. (c) ΔG vs B for carrier concentrations near and away
from n = ns showing the evolution of the supercurrent conduction channels in D2 (300 mK). (d) ΔG vs B for carrier concentrations near and away
from n = ns showing the evolution of the supercurrent conduction channels in D3 (320 mK).
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gap. Moreover, edge modes that would show up only at the
Dirac point, such as monolayer zigzag edge states, can also be
ruled out.
A similar overall evolution is observed for D3 (Figure 4d),

with a Fraunhofer pattern period of 1.04 mT away from the
gap (1.33ns) and a SQUID pattern period of 2.80 mT at 1.03−
1.04ns (ratio of 2.7). The absence of irregularities in the period
of the interference patterns for D3, together with the larger
resistance suggest that this device has no inhomogeneities and
thus displays the intrinsic behavior of t-BLG. Furthermore, a
similar behavior is observed on the hole side SL gap due to
electron−hole symmetry (Figure S4). We note that the
SQUID SQI is observed slightly away from the insulating
peak, which may be due to the large resistance of D3. In fact,
the edge conduction may contribute to the decrease in the
resistance as the Fermi level enters the band gap.
In summary, we revealed the presence of edge dominated

conduction within the superlattice induced band gaps of t-BLG
using superconducting quantum interference to probe the
current distribution in Josephson junctions. Highly homoge-
neous t-BLG JJs display pure edge conduction when the Fermi
level is placed inside the band gap. Moreover, the absence of
edge conduction at fillings just below the superlattice band gap
confirms that the edge channels are associated with electronic
states located inside the band gaps, which strongly suggests
their topological origin. An increase in the period of the
interference patterns was observed at and near the electron and
hole superlattice band gaps in devices with high twist angle
homogeneity. The origin of the anomalous periodicity requires
further investigations. These results highlight the nontrivial
topology of the moire ́ bands of twisted bilayer graphene and
will stimulate further experimental and theoretical investiga-
tions to determine the exact nature of the edge states and
assess the presence of higher-order topology in t-BLG.
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