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Superconductivity and the quantum Hall effect are distinct states of matter occurring in apparently
incompatible physical conditions. Recent theoretical developments suggest that the coupling of the quantum
Hall effect with a superconductor can provide fertile ground for realizing exotic topological excitations such
as non-Abelian Majorana fermions or Fibonacci particles. As a step toward that goal, we report observation of
Andreev reflection at the junction of a quantum Hall edge state in a single layer graphene and a quasi-two-
dimensional niobium diselenide (NbSe,) superconductor. Our principal finding is the observation of an
anomalous finite-temperature conductance peak located precisely at the Dirac point, providing a definitive
evidence for inter-Landau-level Andreev reflection in a quantum Hall system. Our observations are well
supported by detailed numerical simulations, which offer additional insight into the role of the edge states in
Andreev physics. This study paves the way for investigating analogous Andreev reflection in a fractional

quantum Hall system coupled to a superconductor to realize exotic quasiparticles.
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The proximity effect through Andreev reflection (AR) is
the primary ingredient for engineering a topological super-
conductor, which is expected to be a breeding ground for
new types of topological excitations [1-8]. Discovery of
graphene in the last decade [9], aided by developments in
improving device quality by encapsulating with hexagonal
boron nitride [10,11] (hBN), provides one of the best
opportunities to extend the study of AR for Dirac electrons
in proximity to superconductors [12—19]. In these systems
an incident electron from single layer graphene (SLG) with
a finite excitation energy combines with another electron
below the Fermi energy (E) to form a Cooper pair at the
junction [Fig. 1(a), top]. The AR and its transition from
retro to nonretro reflection has been observed [17]. More
interestingly, when E is aligned with the Dirac point, AR
requires an interband process and is predicted to be
specular [Fig. 1(a), top], as observed recently in bilayer
graphene [16].

Exotic physics is predicted to arise from the coupling
between a superconductor and a topological quantum Hall
(QH) state. In particular, this system has been proposed as a
novel route for creating a variety of non-Abelian anyons,
which have been hailed as possible building blocks for
future topological quantum computation [6,20,21]. The
physics of AR is predicted to alter dramatically in the QH
regime [22-24], where electron transport occurs primarily
through the chiral edge states, which themselves are
topologically robust manifestations of the Landau Levels
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(LLs) in the interior of the sample. On the QH plateau, an
incident chiral electron is expected to bounce back as an
Andreev-reflected chiral hole propagating in the same
direction as the incoming electron [Fig. 1(a), bottom]
[25], due to the sign reversals of both the charge and the
mass. A difficulty in experimentally investigating this
physics is the fact that high magnetic fields required for
the QH effect are inimical to superconductivity. Important
progress has recently been made in this direction.
Supercurrent and Josephson coupling in QH regime at
the SLG-superconductor interface have been demonstrated
at relatively low magnetic field (~2 T) [26-28]. At high
magnetic fields (~10 T) the superconducting correlations
in QH edge has been realized recently [29].

In this work, we show that a coexistence of, and a coupling
between, a QH system and a superconductor can be realized
and studied in a system of SLG coupled to a NbSe, super-
conductor. Our results reveal that at high magnetic fields,
when the breaking of the spin and valley symmetries
generally fully splits the zeroth Landau level [30-32], AR
manifests most strikingly through an anomalous conductance
peak located precisely at the Dirac point (DP). We attribute
this peak to inter-Landau-level AR, and confirm its physical
origin by detailed theoretical simulations.

Our devices consist of an SLG partially covered with a
thin film of NbSe, [Fig. 1(b)]. Details of the fabrication
and measurement schemes are given in the Supplemental
Material [33], Sec. SI1. We show results from three devices
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FIG. 1. (a) (top) AR in graphene at B = 0. The red (blue) dashed line shows retro (specular) AR. (bottom) Classical picture of AR at
the interface of QH edge state and superconductor based on skipping orbit. The electron and hole orbits have the same chirality for
intraband process. (b) Schematic of the experimental measurement setup of hBN protected graphene devices. For R, measurement
current is injected between A and D, voltage is measured between B and C. For the two probe conductance measurement of the SLG-
NbSe, junction voltage is applied at A, and the current is measured at D. (c) R, of device 2 at B = 10 T showing symmetry broken QH
plateaus. (d) Two-terminal gate response of device 1 between Au-SLG-NbSe, at B =9.8 T and Vqp = 0 mV. (e) Activation plot for
device 3 at the Dirac point for different magnetic fields; the corresponding insulating gaps are shown on the figure. We note that the
resistance changes by up to 3 orders of magnitude over the range of the fits. (f) dI/dV as a function of Vgp measured in device 1 at
B =9.8 Tonthe v = 2 LL at the positions A and B marked in (d); BCS peaks are present at 240 mK (red) but not at 10 K (black). (g) 2D
color map of normalized dI/dV versus Vgp as a function of temperature at B = 9.8 T for device 3. Superconductivity vanishes at
around 2 K. The black dashed line is the theoretical temperature dependence of the BCS gap. The cut lines are shown at 240 mK and
2.5 K. (h) The gate responses of device 1 for 6 T at Vg = 0 (black) and for |eVgp| > A (red). The former has enhanced conductance.

as a function of the back-gate voltage (Vgg), the source-drain ~ depends on I', and the measured activation gap is nothing
bias voltage (Vgp), the temperature (7), and the magnetic ~ but the mobility gap, AE; = AE;; — T [36,42]. At 10 T,
field (B). The highest mobility of 60000 cm?/V sec was  AE; ~5 meV was measured for device 3 (Supplemental
obtained in device 3, where the carrier inhomogeneity (6n) Material, Sec. SIS [33]), and activation plots at several B are
due to charge puddles was ~(3-5) x 10° cm~2 which shown in Fig. 1(e). The details of the activation plots of
corresponds to Fermi energy broadening (SEp) of device 1 and device 2 are shown in the Supplemental
~6-8 meV [34]. The characterization of several devices is ~ Material, Sec. SI5 [33].

shown in Supplemental Material, Sec. SI1 [33]. Figure 1(c) We begir? by demongtrating that. superconduc?ivit.y in
presents the Hall resistance, R,,, of device 2 at B =10 T, NbSe, survives up to high perpendwular magn.etlc fields
where the plateaus at 2¢2/h and 1¢2/h are clearly visible. where the uncovered graphene is comfortably in the QH

From the B dependence of Shubnikov—de Haas oscillations ~ regime. Figure I(f) shows the differential conductance
[35,36] the LL broadening of I ~ 4.5 meV was obtained  (d/ /dV) as a function of Vgp, called the Andreev curve,
(Supplemental Material, Sec. SI3 [33]). The two-probe  for the values of Vpg marked A and B in Fig. 1(d) on the
conductance (G) measured between SLG—superconductor ~ ¥ =2 plateau. The existence of superconductivity is
contact at 9.8 T is shown in Fig. 1(d) (device 1). The value of ~ evident from the BCS like conductance peaks at about
conductance on the plateaus is lower than the ideal value due ~ £0.5 meV for device 1 at B = 9.8 T. Similar features are
to the contact resistance of ~1.5 kQ at the SLG-NbSe,  observed for device 2 (Supplemental Material, Fig. SI4-5f
junction. In addition to different broken symmetries, an  and Sec. SI6 [33]). Bias spectroscopy (Supplemental
insulating state, i.e., av = 0 plateau, is observed at the DPas ~ Material, Sec. SI6 [33]) allows us to extract the low-T
previously reported in the literature [37-41]. Using a  superconducting gap (2A) as a function of magnetic field,
thermally activated carrier transport model we have deter- ~ which we show in Fig. 4(a); the large error bars arise
mined the insulating gap of the v = 0 plateau (Supplemental ~ primarily due to the asymmetric nature of the Andreev
Material, Sec. SI5 [33]). Previous studies [40,41] have curve (the possible origin of which is discussed below). The
reported that the value of insulating gap of v = 0 plateau  superconducting gap of NbSe, flake, 2A ~2 meV and
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Tc~7 Kat0Twas directly characterized in our previous
work [Fig. 3(a) of Ref. [17]], which is consistent with the
0 T data in Fig. 4(a). Figure 1(g) shows the temperature
dependence of the Andreev curves at B = 9.8 T, which
produces a T, ~2 K where the BCS peaks disappear. We
can relate the T, to superconducting gap through 2A =
4.07kgT,. ~ 0.7 meV (the factor 4.07 was determined in
Ref. [43] for NbSe,), which is close to that extracted from
the Andreev curve at B = 10 T as shown in Fig. 4(a). These
observations—appearance of BCS peaks in the Andreev
curve [Fig. 1(f)] in a QH plateau and excellent agreement
with the 7 dependence predicted by the BCS theory
[Fig. 1(g)]—demonstrate the coexistence of the QH effect
and superconductivity. It is noted that for bulk NbSe,, the
critical magnetic field is H., ~4-5 T [44], but surface
superconductivity (H.;) has been reported for up to B =
7-8 T [45]; the existence of superconductivity at the
interface of SLG-NbSe, at high magnetic field is thus
not unexpected.

We next come to AR. Some evidence for it can be
seen from the fact that the conductance at the 2e?/h
plateau is enhanced by ~15% [Fig. 1(h)] when Vgp is
changed from —3 mV, where no AR is expected (because
leVsp| > A), to zero, where AR is expected. For an ideal,
fully transparent contact, one expects 100% enhancement
due to AR; we attribute the smaller enhancement in our
system to a nonfully transparent contact. Temperature
dependence of conductance enhancement at v =2 is
shown in the Supplemental Material, Fig. SI4-5g [33].
Conductance enhancement due to AR can also be seen by
comparing the data below and above T shown in the
Supplemental Material, Fig. SI4-5e [33]. We note that the
change in conductance for the Andreev curve in Fig. 1(f)
is around 10%. However, the change of conductance
was higher ~25%-30% for device 2 in the QH regime
(at v = 2 plateau) as shown in the Supplemental Material,
Fig. SI6-8 [33]. At O T the changes in the Andreev curve
were around 20% in devicel (Supplemental Material
Fig. SI6-7 [33]) and 45-50% in device 2 (Supplemental
Material Fig. SI6-8 [33]).

Our most important finding is shown in Fig. 2, where a
closer inspection of the conductance minimum reveals,
completely unexpectedly, an anomalous peak. Further
investigation brings out the following properties. First,
the peak is seen precisely at the DP. Second, the peak is not
seen above T~ [compare Figs. 2(d) and 2(c)]. Third, its
amplitude decreases with decreasing temperature as well as
increasing AFE;, indicating that the peak is a finite temper-
ature effect. Figure 3(a) shows the 2D color map of log(G)
plotted as a function of Vpg and B, which displays the
appearance of the peak precisely at the DP and its
continuous decrement with increasing B. Finally, the
parameters for which the anomalous peak is observed in
device 2 and device 3 are shown by the dashed enclosed
areas in the phase diagram in Fig. 4(a); for both the devices
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FIG. 2. (a) The anomalous conductance peak at the DP shown
in several devices on a log scale. (b) The conductance peak in
device 2 at different magnetic fields shows the decrement of the
amplitude with increasing B. (c) The conductance peak amplitude
increases with increasing temperature. The red dashed lines in the
last two panels display fitting of the peak line shape with Eq. (1).
(d) No conductance peak at the DP is seen for 7' > T'.

the highlighted regime where the peak is observed satisfies
the condition, AE; < 2A.

All of these facts are naturally explained in terms of a
conductance peak originating from a new mechanism,
namely, finite temperature inter-Landau-level AR, in which
a thermally excited electron in the N = 0 LL band above
the Ej reflects as a hole in the N = 0 LL band below the
Er, as shown schematically in Fig. 4(b). Such a peak is
expected to occur (i) precisely at the DP, (ii) at finite
temperature but for 7 < T, and (iii) for 2A > AE;. We
mention that Vpg at the DP depends slightly on whether
the sweep is up or down, causing two different values in
Fig. 2(b); in Fig. 3(a), all data are for sweep in the up
direction, and show that the peak position remains invari-
ant. We also note the presence of certain secondary, sample-
specific peaks away from the DP, but their amplitudes are
smaller by 2-3 orders of magnitude.

To see the activated nature of anomalous peak we plot
the area under the peak in Fig. 3(b) for device 2, and fit it to
a thermally activated behavior. Fitting the peak height gives
a similar gap, as shown for device 3 in the inset of Fig. 3(b).
Further details regarding the activation nature of the peak
for all the devices are shown in Supplemental Material,
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FIG. 3. (a) 2D color map of log(G) in device 3 plotted as a
function of Vg and B showing the presence of the anomalous
peak precisely at the DP, which vanishes above 5.6 T. (b) Area of
the peak plotted as a function of 1/T showing activated behavior
with an effective gap of AFE.; ~ 248 peV. In the inset, the
amplitude of the conductance peak in device 3 is used to show
the activated behavior, which gives AE 4 ~ 150 ueV.

Secs. SI8 and SI9 [33]. Fitting the area in Fig. 3(b) using
e 8Eei/2k5T  gives AE. 4 ~0.25 meV. One may expect
AE g to be equal to the AE; (mobility gap), but the former
is lower by a factor of ~3. This finds a natural explanation
by the fact that the temperature dependence of the resis-
tance of SLG shows two distinct AE; differing by a
factor of ~3 (Supplemental Material, Sec. SIS [33]): for
example, at B=6T in device 2 for 7 > 2 K we have
AE;~0.8meV, but for T < 2 K we have AE; ~0.25 meV,
the latter being essentially in perfect agreement with the
gap deduced from the anomalous peak at the DP. Similar
results are obtained for device 3 as shown in the
Supplemental Material, Sec. SIS [33]. Although the exist-
ence of the smaller, or “soft” gap around the E in between
the LLs at low temperature has been reported in the
literature [42,46-48], its origin is not well understood.
We ascribe the soft gap below 2 K to disorder.
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FIG. 4. (a) An experimental phase diagram in energy and
magnetic field. Solid black squares are the superconducting gaps
measured using bias spectroscopy as a function of B. The solid
red squares and solid purple hexagons show the insulating gaps of
device 2 and device 3 as a function of B, where the thick lines are
a guide to the eye. The anomalous conductance peak at the DP is
observed in the region enclosed by the dashed black ovals.
(b) Schematic of the inter-Landau-level AR process at the DP.

To further confirm the physics of the inter-Landau-level
AR we have performed extensive numerical calculations,
where we consider a system of graphene in the QH regime
connected to superconducting graphene. The physics of the
v = 0 insulator at high B has been the subject of many
studies [37,39-41,49,50] and two most likely models are in
terms of a canted antiferromagnet (CAF) or an isospin
ferromagnet (IFM) [30,32], the band diagrams for which
are schematically shown in the insets of Figs. 5(a) and 5(b).
The insulating gap of the former originates from a splitting
of the v = 0 LL into Landau bands with chiral edge states,
whereas for the latter it results from a coupling between the
helical edge states. To keep the discussion general, we
consider AR in both models. The calculated conductance
as a function of chemical potential (Ef) is plotted in
Figs. 5(a) and 5(b) (Supplemental Material, theory [33]
for the details) for CAF and IFM, respectively. It shows a
small conductance peak at the DP arising from inter-
Landau-level AR [insets of Figs. 5(a) and 5(b)]. At finite
temperatures, the conductance at the DP can be analytically
expressed as

B e? 2a |
o z 1+ e[BE/2+|C(VeG=Vp)[l/ksT * ( )

where a is the probability of AR and C = dEr/dVgg.
The experimental peak in Fig. 2(c) is fitted using the
above equation with fitting parameters: a = 0.35, AE; =
0.5 meV, C =0.62 meV/V for T =1 K and similar fit-
ting is also shown for 7= 0.75 K. The fitting parameters
are in general agreement with the experimental values
(Supplemental Material, theory [33]).

Before ending, a comment on the physical origin of the
observed asymmetry of the Andreev curves [Fig. 1(f) and
Supplemental Material, Sec. SI6 [33]] is in order. dI/dV
depends on the joint density of states (DOS) of the two
materials. Typically, a normal metal has large and essen-
tially constant DOS whereas the quasiparticle DOS of the
superconductor is symmetric around zero bias, producing a
symmetric Andreev curve. The density of states in a QH
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FIG. 5. Panel (a) shows numerical results based on the canted
antiferromagnetic (CAF) model, and panel (b) for the isospin
ferromagnet (IFM) model. The chemical potential is quoted in
units of the hopping parameter ¢. The band diagram and the peak
at the Dirac point are shown as insets.
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edge, in contrast, is complicated in real materials and can be
energy dependent, thus producing asymmetric Andreev
curves [16,51-53]. We also note that due to the presence of
the superconductor, the skipping orbits at the interface
alternate between electron and hole-type orbits, whose
centers are, in general, slightly offset [Fig. 1(a), bottom]
[22,24], which results in an interference pattern. The
fingerprints of the interference pattern can be seen as
quasiperiodic conductance oscillations on the QH plateau
as a function of the chemical potential [Fig. 1(h) and
Supplemental Material, Sec. SI10 [33]]. We refer the
reader to previous literature [16,22,24,51-55] and the
Supplemental Material [33] for details.

In conclusion, our primary accomplishment is an unam-
biguous demonstration of AR in the graphene quantum
Hall effect, which manifests most dramatically through an
anomalous finite-temperature conductance peak at the
Dirac point. By a combination of experimental and theo-
retical studies, we have confirmed its origin as thermally
induced inter-Landau-level AR.
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