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The band structure of graphene can be strongly modified if its lattice is aligned with the one of a boron
nitride substrate. A moiré superlattice forms, which manifests itself by the appearance of new Dirac points,
accompanied by van Hove singularities. In this work, we present supercurrent measurements in a
Josephson junction made from such a graphene superlattice in the long and diffusive transport regime,
where the critical current depends on the Thouless energy. We can then estimate the specific density of
states of the graphene superlattice from the combined measurement of the critical current and the normal
state resistance. The result matches with theoretical predictions and highlights the strong increase of the
density of states at the van Hove singularities. By measuring the magnetic field dependence of the critical
current, we find the presence of edge currents at these singularities. We explain it by the reduction of the
Fermi velocity associated with the van Hove singularity, which suppresses the supercurrent in the bulk
while the electrons at the edges remain less localized, resulting in an edge supercurrent. We attribute these
different behaviors of the edges to defects or chemical doping.
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The combination of graphene with other 2D materials is a
powerfulmeans to engineer its electronic properties [1,2], for
instance, by inducing spin-orbit coupling [3–8] or exchange
interactions [9,10]. In particular, if graphene is placed on top
of a hexagonal boron nitride (hBN) substrate, by aligning
their crystallographic axes, a moiré superlattice is formed.
This induces a periodic potential of wavelength λ of the order
of 10 nm, leading to themodification of the band structure of
graphene [11]. λ defines new Brillouin zone boundaries,
where satellite Dirac points (SDPs) may appear [12,13]. In
addition, van Hove singularities (VHSs) emerge in the
density of states (DOS) at saddle points in the band structure
due to the flattening of the arised minibands. These VHSs
appear at a much lower energy than in standard graphene,
where they are reachable only by chemical doping [14].
Because the DOS diverges and charge carriers of different
sign coexist, a rich physics is expected, such as the formation
of charge- or spin-density waves [15,16] or unconventional
superconducting pairingmediated by electron-electron inter-
action [14]. Moreover, the Chern number is predicted to
change from subband to subband [17], leading to valley Hall
effect and topological edge current when the DOS is gapped
at the main Dirac point (MDP) [18,19].
Graphene-hBN superlattices [1,2,20] and the induced

VHSs [16,21,22] have been widely studied with normal
metal leads, but only a few experiments have focused on the
consequences of this rich physics for the Josephson effect.

The investigation of the nondissipative current induced in a
nonsuperconducting system using a Josephson junction (JJ)
geometry is a powerful tool to investigate its physical
properties, since the supercurrent is sensitive to the transport
regime (ballistic or diffusive) [23–27], interactions [28,29],
and the current distribution within the sample. For example,
Josephson interferometry has been used recently to detect the
presence of an edge current in quantum spin Hall systems
[30,31] and in graphene,where an edge currentwas observed
close to the Dirac point due to guided wave states [32] or, in
bilayer graphene, due to the openingof a gap using an electric
field [19]. In Ref. [19], an edge current in a graphene-hBN
superlattice at theMDP is reported, where it is claimed that a
gap opens due to sublattice symmetry breaking [2,33]. In
contrast to these previous works, we investigate the super-
current over the full range of energy, in order to probe the
superlattice band structure.
We investigate the superconducting transport in long,

diffusive JJs made from a graphene-hBN superlattice and
show that the supercurrent carries in this transport regime the
signature of its very specific band structure, in particular of
the VHSs. First, by measuring both the normal state
resistance RN and the critical current Ic, we estimate the
DOS of the JJs, which is then compared to theoretical
calculations for amoiré superlattice. Furthermore, we extract
the current distribution in the sample as a function of the
charge carrier density from the magnetic field dependence of
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Ic and show that edge currents appear at theVHSs, where the
DOS diverges.We show that this edge current corresponds to
a suppression of the supercurrent in the bulk, associated with
the reduction of the Fermi velocity at the singularity that
globally localizes the electrons. This suppression is not
observed in the edges, probably because of edge defects
or doping reduce the influence of the superlattice.
The measured sample is a hBN-graphene-hBN stack,

where one hBN is aligned with the graphene. The hetero-
structure is contacted with superconducting edge contacts
[34]. We fabricated the electrodes by cosputtering of MoRe
(1∶1) chosen for its large critical magnetic field (8 T) and
high critical temperature (7 K) [35,36]. Several JJs are
realized in the same stack with different lengths L from
0.45 to 1 μm and a width of W ¼ 3 μm [Fig. 1(a)]. All
measurements are performed in a dilution refrigerator at a
base temperature of 70 mK.
Since the critical field of MoRe is too large to suppress

the superconductivity by applying a magnetic field, we
estimated the junction resistance RN from the quasiparticle
current measured when the JJ is voltage biased with
jeVj > 2ΔMoRe, with ΔMoRe ¼ 1.3 meV the superconduct-
ing gap of MoRe, estimated from multiple Andreev
reflections [37]. The measurement is performed in a
two-terminal configuration, such that RN contains the

resistance of the graphene channel RG together with the
contact resistance 2Rc (RN ¼ RG þ 2Rc).
In the four junctions investigated, we observe an enhance-

ment of resistance around the MDP (Vg ¼ 0 V) and in
addition around Vg ¼ �50 V, corresponding to a charge
carrier densityn0 ¼ �3.3 × 1012 cm−2 [see Fig. 1(b)]. These
additional resistance maxima are attributed to SDPs in the
band structure and are clear evidence of a superlattice [1,33].
From n0, we estimate the misalignment angle between the
graphene and the hBN lattice to be around 0.7°. Note as well
that no gap opening is observed at the MDP (Supplemental
Material [37]). The analysis of the gate-dependent resistivity
shows that all junctions are in the diffusive regime, where the
mean free path is smaller than the junction length L.
We first measure Ic, defined as the maximal supercurrent

that can be passed through the junction. To do so, we
current bias the sample and measure the differential
resistance as a function of bias current I and gate voltage
(Vg) as shown in Fig. 1(c) for junctionD (see Supplemental
Material [37] for junctions B, C, and E). The switching
from the zero resistance state to the normal resistance state
is detected as a sharp transition at I ¼ Ic, as presented in
the right panel in Fig. 1(c) and plotted as a function of Vg in
Fig. 1(b). No hysteresis was observed between the retrap-
ping and switching current, indicating that the JJ is in the
overdamped regime. At the first order, Ic is inversely
proportional to RN and is thus strongly reduced at the
Dirac points, beyond the resolution of the measurement. Ic
is globally smaller for electron doping (Vg > 0) than for
hole doping. This reduction of Ic can be attributed to a p
doping of the graphene by the MoRe, leading to the
formation of a p-n junction between the metal contacts
and n-doped graphene. Note that in previous works n
doping of the contacts was observed [25,35]. This differ-
ence may be attributed to the work functions of graphene
and MoRe, which are almost the same [47,48].
If the time τ spent by the electrons in the junction is short

compared to ℏ=Δ, in an ideal JJ, the product of RN with Ic is
expected to be proportional to the superconducting gap Δ
[49]. But if τ exceeds ℏ=Δ, then the relevant energy scale
becomes the Thouless energy such that eRNIc ¼ αEth, with
α a constant that depends on the transport regime (ballistic or
diffusive) [23–25,50]. The four junctions we investigated are
in this regime, since the superconducting coherence length
ξS < 200 nm < L [37]. In agreement with Refs. [23,24], we
assume that the finite reflection probability at the contacts
leads to an increase of τ such that it can be included as a
reduction of α. Combining the expression of the Thouless
energy Eth ¼ ℏD=L2 with the Einstein relation L=WRG ¼
De2 × DOS,we find that theDOS as a function of the charge
carrier density n can be determined from themeasurement of
both RN and Ic:

DOSðnÞ ¼ α
ℏ

RNðnÞRGðnÞe3LWIcðnÞ
: ð1Þ

Note that this formula involves RG, which is obtained by
subtracting the contact resistance Rc from the measured
resistance RN .
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FIG. 1. (a) Top: Schematic side view of the device. Bottom:
False-colored SEM image. The graphene (brown) is encapsulated
between hBN (green) and contacted with MoRe (blue). The white
scale bar corresponds to 5 μm. (b) Normal state resistance (red
line) and critical current (blue line) as a function of gate voltage
Vg for junction D. (c) Differential resistance as a function
of Vg and dc current bias I for junction D. Right: Line cut at
Vg ¼ −26 V.
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The DOS expected in the graphene-hBN superlattice was
calculated using the methods described in Ref. [51]. The
DOS on the hole side VHS is quite robust to small changes
of the moiré parameters used in the theoretical model, while
on the electron side it depends significantly on their choice.
We chose here parameters similar to those extracted in
Ref. [52], adapted to θ ¼ 0.7°, but slightly modified to
produce a VHS on the electron side similar to previous
measurements [13].
To compare our data with the theoretical calculated DOS,

we have to make several assumptions: (i) The measurement
of Ic is not affected by the finite temperature, (ii) the
coefficient α is constant over the investigated gate range,
and (iii) Rc is constant, respectively, for electron and hole
doping. For the electronic temperature T ¼ 100 mK, we
estimate that hypothesis (i) is correct for measured critical
currents higher than 30 nA [37], which excludes the gate
regions around the MDP and the SDP at the hole side from
the analysis. Concerning (ii), Refs. [23,24] have shown that
α is indeed constant for a long diffusive graphene JJ, even if
the measured value of 0.1–0.2 is substantially lower than
the one expected for an ideal SNS junction [50]. (iii) is the
strongest hypothesis, since Rc can actually depend on Vg

and vary within a factor of 2 around the MDP [53,54], but
we believe that even a gate-dependent contact resistance
would not change the qualitative picture outlined below.
Then, by taking Rc and α as fitting parameters, we are

able to reproduce the calculated DOS using Eq. (1) for
α ∈ ½0.3; 0.8� and Rc ≈ 40–160Ω [37]. The result is plotted
in Fig. 2. For the four junctions, this analysis matches
qualitatively with the calculated DOS over a large gate
range and reproduces well the VHSs. As theoretically
expected, the superlattice features are less pronounced on

the electron side. As a whole, despite some strong
assumptions and some uncertainty in the precise value
of the contact resistance, we show that the combined
measurement of Ic and RN allows us to estimate the
DOS, providing information about the specific band
structure of the superlattice. In particular, we see a clear
signature of the VHSs, which was not explicitly present in
either RN or Ic.
It can be noted that the VHS at negative Vg is more

pronounced for junctions B, C, and E than for junction D.
In order to understand this discrepancy, we look now into
the current distribution in junction D (see [37] for junction
C) by measuring the interference pattern of Ic in a magnetic
field [19,32].
Typical interference patterns are represented in Fig. 3(a)

and compared to the Fraunhofer interference pattern,
expected for a homogeneous current distribution [55] and
a sinusoidal current phase relation as measured for graphene
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FIG. 2. Density of state estimated from measured RN and Ic
[Eq. (1)] (in red, blue, yellow, and green, respectively, for B, C, D,
and E) compared to a calculation for θ ¼ 0.7° (black line), as a
function of the charge carrier density. The moiré superlattice
parameters (defined in Ref. [52]) used to produce the theoretical
DOS are Uþ

0 ¼8.5meV, Uþ
1 ¼−8.5meV, and Uþ

3 ¼−14.7meV.
The gray shaded areas correspond to regions where the critical
current was too small to be measured.
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FIG. 3. (a) Differential resistance as a function of the current
bias and magnetic field at n1 ¼ −1.4 × 1012 cm−2 (blue star) and
n2 ¼ −2.7 × 1012 cm−2 (red star). White dashed line, expected
Fraunhofer pattern for a homogeneous current density. (b)
Normalized critical current as a function of magnetic field B
and carrier density n measured in junction D, superimposed with
the calculated DOS in green. (c) Calculated current density as a
function of n and position along the contacts. (d) Line cuts of
(c) at n1 and n2. The black dashed lines indicate the junction
edges.
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JJs [27,56]. At Vg ¼ −20 V (n1 ¼ −1.4 × 1012 cm−2),
between the MDP and the VHS, the interference pattern
matches a Fraunhofer pattern for the first few lobes, with a
periodicity consistentwith the junction dimensions taking the
finite field penetration into the superconductor into account
[32]. At slightly higher fields (B > �1.5 mT), one can see
some missing lobes and a nonvanishing supercurrent, indi-
cating that the current is not perfectly homogeneous. The
pattern at Vg ¼ −40 V (n2 ¼ −2.7 × 1012 cm−2), close to
the VHS, is strikingly different, since the first lobes and the
central peak are of comparable amplitude, which is an
indication of an enhanced edge current [30].
In order to understand the gate dependence, we measure

the interference pattern between Vg ¼ �60 V. We bias the
sample with a linearly increasing current, at a rate of
0.17 A=s. Ic is obtained from the time at which the junction
turns normal, averaged 200 times. The interference pattern
can then be plotted as a function of the gate voltage
[Fig. 3(b)]. In order to compare the shape of the interference
patterns, for each Vg the critical current is normalized by its
maximum value, IcðB ¼ 0Þ, for each gate voltage. Note that
this kind of measurement cannot detect currents smaller than
a few tens of nA, given by Vt=RN with Vt the threshold
voltage for the switching to a normal conducting state.
We can distinguish two different regimes for the inter-

ference pattern: Far from the VHSs, the interference pattern
is gate independent and similar to the one described in
Fig. 3(a), left. In contrast, around both VHSs, the pattern is
similar to Fig. 3(b), right, where the side lobes become
more prominent. The effect is stronger for hole doping,
where the VHS is more pronounced.
To be more quantitative, we calculate the current distri-

bution in the junction by the inverse Fourier transformation
of the interference pattern for eachVg. The exact procedure is
described in SupplementMaterial [37] and follows the ansatz
given in Refs. [30,32]. The full map of the current density jc
as a function of Vg is shown in Fig. 3(c), where jc was
normalized by the maximal current density of each trace in n
similar to Fig. 3(b). Two representative distributions are
plotted in Fig. 3(d) for n1 (blue line) and n2 (red line),
showing that in the whole junction the current partially
accumulates on the edges and that the proportion of edge to
bulk current is significantly larger at the VHS.
From the nonrenormalized map of the supercurrent

distribution, we are able to extract separately the gate
dependence of Ic on the edges of the junction (I

edge
c ) and in

the bulk (Ibulkc ) defined as shown in Fig. 4. In order to
elucidate the nature of the edge current, we use the same
procedure as for Fig. 2 to estimate the DOS of the bulk. For
that, we use Ibulkc instead of Ic and the same resistances RN
and Rc (assuming that the normal state resistance is
dominated by the bulk). The result is shown in Fig. 4.
We find a very good agreement between the DOS extracted
from Ibulkc (blue line) with the theoretically determined
DOS (dotted line). In particular, the VHS is now better

reproduced than using the total current Ic (plotted in yellow
for comparison), meaning that the edge current does not
carry the signature of the VHS. On the other hand, due to
the flat band at the VHS, the Fermi velocity is expected
to be globally reduced in the superlattice. This tends to
localize the electron by increasing the traversal time τ of the
electron in the junction and leads, therefore, to a reduction
of the supercurrent. This localization acts weaker on the
electrons at the edges, which leads to an increased edge to
bulk current ratio at the VHS.
We performed the same measurement and data analysis

for junction C [37]. There, the presence of an edge current
is not observed as in junction D, and the DOS extracted
using Eq. (1) exhibits a clear pronounced increase at the
VHS. These two facts suggest that, in junction C, the edges
are more affected by the superlattice potential than in
junction D and show that both measurements of current
distribution and DOS from RN and Ic are consistent and
complementary.
It remains to understand why the edges are behaving

differently from the bulk in junctionD. One can rule out the
hypothesis of topological edges states due to the valley Hall
effect at a gap opening (as proposed in Ref. [17] and
measured in Ref. [18]), because the current at the edges
appears far from any band crossing. It has been shown that
an edge current can be induced as well by guided-wave
electronic states due to the band bending at the sample
edges [32] but only close to the Dirac point, where the edge
potential is unscreened. Our measurement would be more
consistent with previous works reporting an edge current
induced by electrostatic or chemical doping of the edges
[19,57–59]. This may induce disorder that can affect the
superlattice potential such that the VHS may be smoothed
[60]. This alteration could originate from the exposure of
the graphene edge to ambient conditions during the
fabrication or from contamination during the reactive ion
etching used to shape the sample.
In conclusion, we demonstrate in this work that the

supercurrent carries the signature of the graphene band

FIG. 4. DOS as a function of charge carrier density n in
junction D, estimated from the bulk current (blue line; see inset)
and the total current (yellow line). Inset: Current distribution at
the VHS at a negative charge carrier density.
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structure modified by the moiré superlattice. First, from the
combined measurement of the normal resistance and the
critical current and taking advantage of the diffusive
regime, we estimate the DOS in the sample and find a
very good qualitative agreement with the DOS calculated
theoretically. In addition, Josephson interferometry reveals
the presence of a gate-dependent edge current in junction
D, and its proportion is strongly enhanced at the VHSs. By
estimating the DOS for the bulk, we show that the edges are
less affected by the superlattice potential, probably due to
edge disorder or chemical doping. We then attribute the
edge current to the lowering of the Fermi velocity in the
bulk associated with the flat band at the VHS.
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