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SUPERCONDUCTIVITY

Supercurrent in the quantum
Hall regime
F. Amet,1,2*† C. T. Ke,1† I. V. Borzenets,3 J. Wang,1 K. Watanabe,4 T. Taniguchi,4

R. S. Deacon,5 M. Yamamoto,3,6 Y. Bomze,1 S. Tarucha,3,5 G. Finkelstein1*

A promising route for creating topological states and excitations is to combine
superconductivity and the quantum Hall (QH) effect. Despite this potential, signatures
of superconductivity in the QH regime remain scarce, and a superconducting current
through a QH weak link has been challenging to observe. We demonstrate the existence
of a distinct supercurrent mechanism in encapsulated graphene samples contacted by
superconducting electrodes, in magnetic fields as high as 2 tesla. The observation of a
supercurrent in the QH regime marks an important step in the quest for exotic topological
excitations, such as Majorana fermions and parafermions, which may find applications in
fault-tolerant quantum computing.

T
he interplay of the quantum Hall (QH) ef-
fect with superconductivity is expected to
result in excitations with nontrivial braid-
ing statistics such as Majorana fermions
and non-Abelian Majorana anyons (1–4).

When a QH region is contacted by two super-
conducting electrodes, the gapped QH bulk pre-
vents the flow of a supercurrent (5–11). However,
it has been predicted that the supercurrent may
still be mediated by QH edge states (12). Because
of its chiral nature, a single edge can conduct
charge carriers in only one direction, so both
edges must be involved in establishing a super-
current between the two contacts. This situation
is fundamentally different from that of the

Josephson junctionsmade out of two-dimensional
(2D) topological insulators, where each edge can
support its own supercurrent (13–16). Contrary
to the case of topological insulators, themagnetic
field in the QH regime breaks time-reversal sym-
metry, which is essential for s-wave pairing of
conventional superconductors. Working in this
regime, we nonetheless observe a robust super-
current, which we attribute to an unconvention-
al form of Andreev bound states circulating
along the perimeter of the QH region and in-
volving electron and hole trajectories separated
by several micrometers.
Weperformed transportmeasurements on four

Josephson junctions (J1-4) made of graphene en-
capsulated in boron nitride and contacted by
electrodes made of a molybdenum-rhenium alloy
(Fig. 1A) (11), a type II superconductor with a
high upper critical field of Hc2 = 8 T. The high
quality of these heterostructures allowed us to
observe Fabry-Perot oscillations of the junctions’
resistance and critical current, indicating that the
transmission of charge carriers between the con-
tacts is ballistic (17). The supercurrent is uniformly
distributed along the width of the contacts, as
evidenced by the regular Fraunhofer pattern (18)
measured at small magnetic fields (17). All junc-

tions demonstrate supercurrent in the QH regime
(figs. S6 to S12); for consistency, we choose to
present data measured on sample J1. It has a
distance between contacts of length L = 0.3 mm
and a width of contacts W = 2.4 mm (Fig. 1B).
Recently, the observation of a supercurrent

through encapsulated graphene inmoderatemag-
netic fields was reported (19); in that setup, the
diameter of the cyclotron orbit was larger than
but comparable to the length of the junction,
2rC ≥ L. (Here, rC = ħkF/eB is the cyclotron radius
and kF is the Fermi wavenumber.) This super-
current was attributed to Andreev bound states
made of closed trajectories connected by several
elastic andAndreev reflections,which yieldpockets
of superconductivity at random values of density
and field.We further explore this regime in (17). In
the main text, we demonstrate that a very different
regime emerges at even larger magnetic fields,
when rC is much smaller than the device dimen-
sions and the mean free path. In this regime, the
bulk of the junction is gapped by Landau quantiza-
tion so that a currentmay only flowalong the edges.
Figure 1, C and D, show the differential resist-

ance of the sample, R ≡ dV/dI, plotted versus
back-gate voltage, VG, and magnetic field, B. The
resistance is measured in a four-terminal config-
uration where four MoRe electrodes merge into
two contacts on each side of the junction (Fig.
1B). The map in Fig. 1C is measured with an AC
excitation current IAC = 50 pA applied on top of
a large DC current of IDC = 6 nA, which sup-
presses supercurrent and highlights the QH fea-
tures. As B increases, a fan diagram characteristic
of the QH effect in graphene emerges: Resistance
plateaus follow contours of constant filling factor
n ≡ nh/eB = ± 2, 6, 10,… (20). This quantization
becomes visible as soon as B exceeds the red
parabolic contour 2rC = L because device dimen-
sions prevent the development of the QH effect
at lower fields. The dark region under the parab-
ola (2rC > L) indicates a vanishing differential
resistance as a supercurrent of tens of nano-
amperesmay flow in this semiclassical regime (19).
Figure 1D shows R(VG, B) measured simulta-

neously with Fig. 1C using exactly the same AC
excitation of 50 pA, but without applying a DC
current. Notably, pockets of supercurrent extend
far into the QH regime. They are visible as dark
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spots of vanishing resistance above the parabolic
contour. These pockets occur at somewhat ran-
dom values of VG, but are highly reproducible as
the gate voltage is swept back and forth. To check
that these regions do indeed correspond to a
supercurrent, in Fig. 1E we show the I-V curves
measured in one of the superconducting pockets
at B = 1 T,VG = – 4.7 V. The curves demonstrate a
clear supercurrent branch, which extends up to
0.5 nA at the lowest temperature of 40 mK. We
stress that at that particular point, rC ≈ 25 nm <<
L/2 = 150 nm. The corresponding differential
resistance (dV/dI) vanishes in the same range of
currents (Fig. 1F). The maximum of resistance is
reached at IS ≈ 0.5 nA, at which point the sample
switches from the superconducting to the nor-
mal branch.
The curves in Fig. 1, E and F, are extremely

sensitive to temperature, the supercurrent being
washed away by T ≈ 500 mK. This energy scale
is orders of magnitude below the critical tem-
perature of MoRe (≈10 K) and the energy split-
ting of the lowest Landau levels in graphene
(>100 K). It is, however, close to the Josephson
energy EJ = ħIC/2e, which is tens of millikelvin
for critical currents of a few nanoamperes. For
temperatures comparable to the Josephson en-
ergy, thermal fluctuations are expected to sup-
press the apparent switching current IS with respect
to the true critical current IC. This explains the
observed IS of only 0.5 nA in Fig. 1E. The ther-
mal fluctuations also result in phase diffusion

(18), which yields a finite junction resistance even
at zero DC current (Fig. 1G).
To further illustrate the coexistence of the QH

and the superconducting pockets, we show the
differential resistance of the same junction mea-
sured as a function ofVG and the current bias I at
B = 1.4 T (Fig. 2A). The QH plateaus are visible in
Fig. 2A as vertical stripes of different colors.
Pockets of superconductivity appear around zero

bias as dark minima of dV/dI. (At this field, the
cyclotron radius rC =15n0.5 nm is much smaller
than device dimensions throughout the map.)
The solid black line in Fig. 2B shows the cross-
section of the dV/dImap taken with a finite cur-
rent bias of IDC = 3 nA, high enough to suppress
any superconducting features. Plateaus are clearly
visible close to quantized values of R = h/(ne2),
with n = 2, 6, 10,… The deviations from perfect

SCIENCE sciencemag.org 20 MAY 2016 • VOL 352 ISSUE 6288 967

Fig. 1. Coexistence of the QH effect and super-
conductivity. (A) Illustration of the encapsulated
graphene heterostructure with molybdenum rhe-
nium contacts. (B) Schematic of the measurement
setup. (C and D) Fan diagrams of the differential
resistance dV/dI plotted versus gate voltageVG and
magnetic field B. In (C), dV/dI is measured at a fi-
nite current bias of IDC = 6 nA, which suppresses
superconductivity in the QH regime and reveals the
quantized plateaus. In (D), dV/dI is measured at
zero DC current and shows superconducting
pockets extending beyond the semiclassical para-
bolic region of 2rC ≥ L. (E) I-V curves measured in
one of the superconducting pockets at B = 1 Tand
VG = −4.7V. The supercurrent branch is clearly vis-
ible at the lowest temperature (40mK) for I<0.5 nA.
I-V curves are measured at the following temper-
atures: 41, 47, 65, 91, 116, 141, 166, 217, 264, 315,
369, 413, 469, and 509 mK. (F) The temperature
dependence of the corresponding differential resist-
ance, dV/dI. The resistance reaches maximum at
IS ~ 0.5 nA, at which point the junction switches
from the superconducting to the normal branch. (G)
dV/dImeasured as a function of temperature at I=0,
showinggradual suppression of superconductivity at
elevated temperatures owing to the phase diffusion.

Fig. 2. Supercurrent on top of the
QH plateaus. (A) Differential resist-
ance dV/dI measured at 45 mK as a
function of bias current I and gate
voltage VG at constant B = 1.4 T. Filling
factors are indicated in bold white font
on top of the map. QH plateaus are
clearly visible as stripes of different
colors around filling factors n =
4(n + 1/2) with integer n. Pockets of
superconductivity appear as dark
regions close to zero current. (B) Line
cuts of dV/dI, measured in the same
range of VG at zero DC current (gray)
and at IDC = 3 nA (black).The dashed
curve is obtained by scaling the black
curve by a factor 0.2 to demonstrate
the n = 2 plateau. Inset: dV/dI versus I
for a prominent superconducting
pocket, which is indicated in (A) by a
vertical dashed line.
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quantization are common inQH samples in which
the current and voltage probes are combined (21).
The gray line corresponds to the cross-sectionmea-
sured at zero DC current and clearly shows the re-
gions of suppressed differential resistance formed
on top of the plateaus thanks to superconductivity.
Figure 3, A to C, shows the differential resist-

ance measured at three superconducting pockets
as a function of the bias current and magnetic
field, which is varied in steps of 0.1mT aroundB=
1 T. As the magnetic field is varied, the critical
current exhibits a robust interference pattern with
a period of 0.5 mT. Notably, this value is close to
the period of the Fraunhofer pattern measured
on the same junction at very low fields (B< 10mT),
when the current distribution along the width of
the junction is uniform (fig. S4). However, the
current distribution becomes spatially inhomo-
geneous in the intermediate magnetic fields of
tens of milliteslas and beyond, resulting in a very
irregular pattern of the supercurrent versusmag-
netic field (19) (figs. S10 to S12). Therefore, the
periodicity recovered at high field must be at-
tributed to a very different mechanism.
Because at 1 T, the bulk of graphene is clearly

gapped, the periodic supercurrent must be me-
diated by the edge states. However, the edge
states with opposite momenta are located on the
opposite sides of the sample, separated by 2.5 to
4.5 mm in our junctions. This scale greatly ex-
ceeds the coherence length of the MoRe electro-
des (a few nanometers), which prevents the direct
coupling of the edges through a simple Andreev
reflection. Below, we discuss a mechanism that
couples the edge states through hybrid electron-
hole modes that are formed at the interfaces be-
tween the superconducting contacts and the QH
region (22–24).

Because of the pairing gap, single particles
cannot enter the superconducting electrodes and
must form edge states along the superconductor-
QH interfaces (Fig. 3D). The electron and hole
states propagate in the same direction and are
hybridized by the superconducting proximity,
resulting in chiral hybrid modes. Quasiclassically,
one can picture the hybrid electron-hole mode as
a skipping orbit in which an electron and a hole
are converted into one another on each bounce
from the superconductor (23) (Fig. 3D). Depend-
ing on the transparency of the interface, such a
mode could have various degrees of mixing be-
tween its electron and hole components. In par-
ticular, for perfectly transparent interfaces, it
becomes a neutral mixture of the two carrier
types, similar to the Majorana modes.
The hybrid modes provide a coherent reser-

voir of correlated electrons and holes, which is
spread over the length of the superconducting
electrode and thus could mediate the coupling
between the edge states on the opposite sides
of the sample (Fig. 3D). Specifically, an electron
approaching the top contact along the right edge
of graphene must be converted to the hybrid
electron-hole mode, which then propagates along
the graphene-superconductor interface to the left.
Here, it has a finite amplitude of coupling to the
left QH edge state as a hole, which then flows to
the bottom contact. The loop is completed by the
hole conversion into the hybrid mode at that con-
tact and by its subsequent coupling to the original
electronic state at the bottom right corner (24).
This mechanism shuttles one Cooper pair between
the contacts, coupling in the process the single-
particle edge states separated by micrometers.
To substantiate this scenario, we study the de-

pendence of the superconducting features on the

magnetic field and the gate voltage (Fig. 3, E andF).
Here, the data in Fig. 3F were measured at IDC =
3 nA, which exceeds the critical current, whereas
the data in Fig. 3E were taken at zero DC current
and showsuppressed resistancewhen supercurrent
flows between the contacts. The features in Fig. 3F
are almost field-insensitive, whereas the supercon-
ducting features in Fig. 3E exhibit the samemag-
netic fieldperiodicity as inFig. 3,A toC.Remarkably,
the phase of these features depends on VG.
The behavior in Fig. 3E is very different from

that observed in Josephson junctions based on 2D
topological insulators. There, the magnetic inter-
ference patterns demonstrate a phase that is
independent of the gate voltage (14). (This would
be equivalent to contours of minimal and maxi-
mal current forming vertical stripes in Fig. 3E.)
Instead, we observe inclined contours superposed
on top of the superconducting pockets, which
appear here as wide horizontal stripes.
A general framework for understanding this be-

havior is provided in (24). In the limit relevant to
ourmeasurement, it shows that the critical current
is proportional to the product of two terms, re-
sponsible for the pockets and the inclined con-
tours, respectively. The origin of the first term is
the vector potential difference between the super-
conductor and the edge state: dA =Bd, where d is
the distance of the edge state from the supercon-
ductor. The associatedwavevectormismatch dAe/ħ
accumulates along the width of the contact, re-
sulting in a phase edAW/ħ = Wd/l0

2. In our case,
this phase factor is ~100 and should strongly de-
pend on the gate voltage: Changing d by just
1 nm should change the phase by 2p. The meso-
scopic variations of d should therefore be re-
sponsible for the irregular appearance of the
superconducting pockets versus VG.

968 20 MAY 2016 • VOL 352 ISSUE 6288 sciencemag.org SCIENCE

Fig. 3. Periodicity with mag-
netic field. (A to C) Differential
resistance dV/dImeasured at
40mK as a function of bias current
I and incrementalmagnetic field dB
around B = 1 T.The three panels
correspond to the superconduct-
ing pockets that are located at gate
voltages of (A) −5.1 V, (B) −2.2 V,
and (C) −2.6 V (see fig. S5). In all
three cases, the critical current
oscillates with the same period of
0.5mT,which is close to the period
of the Fraunhofer pattern at small
fields (fig. S4). (D) Right: sche-
matics of the Andreev bound
states, made of counterpropagat-
ing electron and hole states on the
opposite sides of the sample,
which couple through the hybrid
electron-holemodes running along
the superconductor-QH interfaces.
Left: these chiral hybrid modes are
made of electron and hole edge
states mixed through the Andreev processes, as described in the main text. (E and F) Maps of dV/dI as a function of dB and VGmeasured at (E) zero IDC and
(F) IDC = 3 nAwhen the supercurrent is suppressed.The superconducting features in (E) demonstrate the samemagnetic field periodicity of 0.5mTas found
in (A) to (C), whereas the normal resistance in (F) is almost field-insensitive in this field range.
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The second factor depends on the flux through
the Andreev bound state, pBW(L – 2d)/F0 =
pF/F0 – 2Wd/l0

2. This phase explicitly combines
the magnetic flux through the geometrical area of
the junction, F = BWL, and the gate-dependent
contribution 2Wd/l0

2. The maximal current is
reached when pF/F0 – 2Wd/l0

2 = 2p × integer,
resulting in the inclined contours in the B-VG

plain of Fig. 3E.
The magnetic field periodicity in Fig. 3 is close

to the one observed in the Fraunhofer pattern
measured at very small fields (fig. S4). This is
different from the result of (24), which predicts
twice the period in the QH regime. Doubling of
frequency has been observed in magnetic inter-
ference patterns measured in 2D topological in-
sulators. It has been attributed to charge poisoning
(25), and a similar mechanism may be at play in
our case. Alternatively, it is possible that the re-
sults of (24) may not be entirely applicable in our
case; we hope that our results will stimulate
further theoretical work.
The Andreev bound states that we observed

in the QH regime are noninvariant under time
reversal. This is an important step toward the
realization of QH-superconducting hybrids in the
quest forMajorana fermions and other exotic topo-
logical excitations proposed in (1–3). Fractional QH
states in graphene (26, 27), which emerge in fields
as small as 5 T (28), should bring these proposals
into the realm of possibility. We also anticipate
that control of these excitations will be greatly
facilitated in 2D graphene nanostructures, where
edge channels can be easily manipulated, split,
and combined by the application of gate voltages.
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CATALYSIS

Quantifying the promotion
of Cu catalysts by ZnO for
methanol synthesis
Sebastian Kuld,1 Max Thorhauge,1 Hanne Falsig,1 Christian F. Elkjær,1,2 Stig Helveg,1

Ib Chorkendorff,2 Jens Sehested1*

Promoter elements enhance the activity and selectivity of heterogeneous catalysts. Here,
we show howmethanol synthesis from synthesis gas over copper (Cu) nanoparticles is boosted
by zinc oxide (ZnO) nanoparticles. By combining surface area titration, electron microscopy,
activity measurement, density functional theory calculations, and modeling, we show that the
promotion is related to Zn atoms migrating in the Cu surface.The Zn coverage is quantitatively
described as a function of the methanol synthesis conditions and of the size-dependent
thermodynamic activities of the Cu and ZnO nanoparticles. Moreover, experimental data reveal
a strong interdependency of the methanol synthesis activity and the Zn coverage.These
results demonstrate the size-dependent activities of nanoparticles as a generalmeans todesign
synergetic functionality in binary nanoparticle systems.

N
anoparticles (NPs) used to catalyze chemi-
cal reactions generally expose a variety of
surface sites (e.g., facets, steps, and cor-
ners), eachwith their distinct reactivity (1),
and in some cases the function of catalysts

based on metal NPs can be predicted with first-
principles methods (2). The addition of minor
amounts of suitably chosen promoter elements
can further enhance or suppress surface reac-
tivity and selectivity by orders of magnitude. In
general, promotion is thought to originate from
either an electronic modification of the catalytic
active site or a morphological change of the NPs
that enhances the abundance of the active sites,
but a detailed understanding is often difficult to
establish because of the lower abundance of the
promoter atoms.Adding to thedifficulty, numerous
experimental observations have shown that the
catalytic active state dynamically adjusts to the
working conditions (1). Thatmust be included to
understand catalyst promotion.

Here, we focus on the catalyzed transforma-
tion of synthesis gas (mixture of H2, CO, and
CO2) into methanol. Methanol is consumed at
the scale of 65 million tons/year (2013) and con-
sidered as a future energy carrier (3). The typical
catalyst consists of Cu NPs mixed with NPs of
ZnO and Al2O3. Although Cu can function alone
as a methanol synthesis catalyst, its activity is
substantially boosted by the interactionwith ZnO,
which on its own has only negligible catalytic ac-
tivity (4). The Cu-ZnO system has emerged as a
prototype for studying complex promotional in-
teractions in catalysis (1, 5–22), and several pos-
sible explanations have been suggested, including
(i) gas-dependentmorphological changes of Cu on
ZnO (6, 7, 9); (ii) support-induced strain in Cu (22);
and (iii) ZnOx species/layers covering part of the
Cu NPs (5, 6, 9, 10, 14, 19–21), often denoted as a
strong metal-support interaction (SMSI). More
recently, the active site was associated with step
sites in the Cu surface and the Cu-ZnO synergy
proposed to reflect the incorporation of Zn atoms
into the Cu steps (5, 18). This picture is attractive
because of its consistencywith observations of fully
or partly reduced Zn in the Cu surface after meth-
anol synthesis over Zn-decorated Cu foils and
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G. Finkelstein (May 19, 2016) 
Taniguchi, R. S. Deacon, M. Yamamoto, Y. Bomze, S. Tarucha and 
F. Amet, C. T. Ke, I. V. Borzenets, J. Wang, K. Watanabe, T.
Supercurrent in the quantum Hall regime

 
Editor's Summary

 
 
 

, this issue p. 966; see also p. 891Science
the edge states in graphene.
Their transport measurements were consistent with a model in which the supercurrent was carried by
electrodes and a graphene barrier under magnetic fields of up to 2 tesla (see the Perspective by Mason). 

 explored this regime in a sample consisting of two superconductinget al.of the barrier? Amet 
a strong magnetic field were applied at the barrier, forcing charge carriers to travel only along the edge
and a hole. This supercurrent will happily cross a thin barrier between two superconductors. But what if 

In superconductors, the electrical current is carried by ''Cooper pairs,'' formed out of an electron
Making a graphene super-edge
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