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Induced superconductivity in the quantum spin
Hall edge
Sean Hart1†, Hechen Ren1†, TimoWagner1, Philipp Leubner2, Mathias Mühlbauer2, Christoph Brüne2,
Hartmut Buhmann2, LaurensW. Molenkamp2 and Amir Yacoby1*
Topological insulators are a newly discovered phase of
matter characterized by gapped bulk states surrounded
by conducting boundary states1–3. Since their theoretical
discovery, these materials have encouraged intense e�orts
to study their properties and capabilities. Among the most
striking results of this activity are proposals to engineer a
new variety of superconductor at the surfaces of topological
insulators4,5. These topological superconductors would be
capable of supporting localized Majorana fermions, particles
whose braiding properties have been proposed as the basis
of a fault-tolerant quantum computer6. Despite the clear
theoretical motivation, a conclusive realization of topological
superconductivity remains an outstanding experimental goal.
Here we present measurements of superconductivity induced
in two-dimensional HgTe/HgCdTe quantum wells, a material
thatbecomesaquantumspinHall insulatorwhen thewellwidth
exceeds dC =6.3 nm (ref. 7). In wells that are 7.5 nm wide, we
find that supercurrents are confined to the one-dimensional
sample edges as the bulk density is depleted. However, when
the well width is decreased to 4.5 nm the edge supercurrents
cannot be distinguished from those in the bulk. Our results
provide evidence for supercurrents induced in the helical edges
of the quantum spin Hall e�ect, establishing this system as
a promising avenue towards topological superconductivity. In
addition to directly confirming the existence of the topological
edge channels, our results also provide ameasurement of their
widths, which range from 180nm to 408nm.

Topological superconductors, like topological insulators, possess
a bulk energy gap and gapless surface states. In a topological
superconductor, the surface states are predicted to manifest as
zero-energy Majorana fermions, fractionalized modes that pair
to form conventional fermions. Owing to their non-Abelian
braiding statistics, achieving control of these Majorana modes is
desirable both fundamentally and for applications to quantum
information processing. Proposals towards realizing Majorana
fermions have focused on their emergence within fractional
quantum Hall states8 and spinless p+ ip superconductors9, and on
their direct engineering using s-wave superconductors combined
with topological insulators or semiconductors10,11. Particularly
appealing are implementations in one-dimensional (1D) systems,
where restriction to a single spin degree of freedom combined with
proximity to an s-wave superconductor would provide the basis for
topological superconductivity12. E�ort in this direction has been
advanced by studies of nanowire systems13–18 and by excess current
measurements on InAs/GaSb devices19.

An attractive route towards a 1D topological superconductor
originates from the 2D quantum spin Hall (QSH) insulator.
This topological phase of matter was recently predicted20,21 and
observed22,23 in transport measurements of HgTe/HgCdTe quantum
wells thicker than a critical thickness dC = 6.3 nm. Due to strong
spin–orbit coupling the bulk bands of the system invert, crossing
only at the edges of the system to form 1D counterpropagating
helical modes. Time-reversal symmetry ensures protection of these
modes against elastic backscattering over distances shorter than
the coherence length24. The helical nature of the edge modes
makes them a particularly appealing path towards topological
superconductivity, owing to the intrinsic elimination of their spin
degree of freedom. Here we report measurements of supercurrents
induced in HgTe/HgCdTe quantum well heterostructures. As the
system enters the QSH regime we find that these supercurrents
become confined to the topological edge modes, verifying their
existence and providing a microscopic picture of the QSH state.

Our approach consists of a two-terminal Josephson junction,
with a rectangular section of quantum well located between two
superconducting leads (Fig. 1). At a given bulk carrier density,
the presence or absence of helical edge channels influences the
supercurrent density profile across the width of the junction. In the
simplest case the supercurrent density is uniform throughout the
device, and edge channels are indistinguishable from bulk channels
(Fig. 1a). This behaviour would be expected for a non-topological
junction (quantum well width smaller than dC), or in a topological
junction (quantum well width larger than dC) far from the bulk
insulating regime.

In a topological junction, decreasing the bulk carrier density
brings the device closer to the QSH insulator regime (Fig. 1b).
Scanning superconducting quantum interference device (SQUID)
measurements suggest that over a range of bulk densities the QSH
edge channels coexist with bulk states, and can carry considerably
more edge current than would be expected for a non-topological
conductor25. In the two-terminal configuration, this helical edge
contribution appears as peaks in the supercurrent density at
each edge. When the bulk density becomes su�ciently low, these
edge peaks are the only features in the supercurrent density
(Fig. 1c). Then the supercurrent is carried solely along the helical
edges, and the system is in the regime of the quantum spin
Hall superconductor.

Placing such a Josephson junction in a perpendicular magnetic
field B provides a way to measure the supercurrent density in the
quantum well. In general, the maximum supercurrent that can
flow through a Josephson junction is periodically modulated by a
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Figure 1 | Expected two-terminal behaviour in di�erent regimes of a topological quantum well. a, When the bulk of a sample is filled with charge carriers,
supercurrent can flow uniformly across the junction, corresponding to a flat supercurrent density JS(x). A perpendicular magnetic field B modulates the
maximum critical current Imax

C , resulting in a single-slit Fraunhofer interference pattern. b, As the bulk carriers are depleted, the supercurrent density
develops peaks owing to the presence of the helical edges. This evolution towards edge-dominated transport appears in the interference pattern as a
narrowing central lobe width and more pronounced side-lobe amplitudes. c, When no bulk carriers remain, the supercurrent is carried only along the helical
edges. In this regime the interference results in a sinusoidal double-slit pattern, with an overall decay in B that is determined by the width of the
edge channels.
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Figure 2 | General behaviour observed in the topological Josephson junction. a, A map of the di�erential resistance across the junction, measured with
the top gate at VG = 1.05 V, shows the single-slit interference characteristic of a uniform supercurrent density. b, The supercurrent density, extracted for
VG = 1.05 V, is consistent with trivial charge transport throughout the bulk of the junction. c, When the top-gate voltage is lowered to VG =�0.425 V, the
di�erential resistance shows a more sinusoidal interference pattern. d, Using the interference envelope measured at VG =�0.425 V, the supercurrent
density is clearly dominated by the contribution from the edges. In this regime almost no supercurrent passes through the bulk.
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Observation of Spin-Triplet Superconductivity in Co-Based Josephson Junctions

Trupti S. Khaire, Mazin A. Khasawneh, W. P. Pratt, Jr., and Norman O. Birge*

Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824-2320, USA
(Received 1 December 2009; published 29 March 2010)

We have measured a long-range supercurrent in Josephson junctions containing Co (a strong ferro-

magnetic material) when we insert thin layers of either PdNi or CuNi weakly ferromagnetic alloys

between the Co and the two superconducting Nb electrodes. The critical current in such junctions hardly

decays for Co thicknesses in the range of 12–28 nm, whereas it decays very steeply in similar junctions

without the alloy layers. The long-range supercurrent is controllable by the thickness of the alloy layer,

reaching a maximum for a thickness of a few nm. These experimental observations provide strong

evidence for induced spin-triplet pair correlations, which have been predicted to occur in

superconducting-ferromagnetic hybrid systems in the presence of certain types of magnetic

inhomogeneity.

DOI: 10.1103/PhysRevLett.104.137002 PACS numbers: 74.50.+r, 74.20.Rp, 74.45.+c, 75.70.Cn

When a conventional spin-singlet superconductor is
brought into contact with a normal metal, superconducting
pair correlations penetrate into the normal metal over
distances as large as a micron at low temperature, creating
the superconducting proximity effect [1]. If the normal
metal is replaced by a ferromagnet, the pair correlations
penetrate only a few nanometers, as the exchange field in
the ferromagnet leads to a rapid loss of phase coherence
between electrons with opposite-pointing spins [2,3]. This
limitation would not arise if the Cooper pairs in the super-
conductor had spin-triplet symmetry, which occurs only
rarely in nature [4,5]. It was predicted several years ago
that spin-triplet superconducting correlations could be in-
duced at the interface between a conventional spin-singlet
superconductor and a ferromagnet with inhomogeneous
magnetization [6,7]. Moreover, these pair correlations are
in a new symmetry class: they have even relative orbital
angular momentum but are odd in frequency or time [8]. A
promising hint of spin-triplet correlations in half-metallic
CrO2 was reported in 2006 by Keizer et al. [9]; however,
there has been no confirmation of that result in the inter-
vening time. Here we present strong evidence for spin-
triplet pair correlations in Josephson junctions fabricated
from common metals: Nb and Co. The magnetic inhomo-
geneity is supplied by thin layers of a weakly
ferromagnetic alloy—either PdNi or CuNi—inserted be-
tween the Co and Nb layers. As the Co thickness is
increased, the maximum supercurrent in the Josephson
junctions decays very slowly—in sharp contrast to the
very fast decay observed in similar junctions without these
alloy layers [10]. The strength of the triplet correlations
can be controlled by the thickness of the alloy layer, reach-
ing its maximum for a thickness of a few nm.

A schematic diagram of our Josephson junction samples
is shown in Fig. 1(a). The entire multilayer structure up
through the top Au layer is sputtered onto a Si substrate in a
single run, without breaking vacuum between subsequent

layers. The multilayers are subsequently patterned into
circular pillars using photolithography and Ar ion milling,
after which the SiOx insulating layer is thermally evapo-
rated to isolate the top Nb contact from the base. Finally,
the top Nb contact is sputtered through a mechanical mask.
The Au layer is fully superconducting due to the proximity
effect with the surrounding Nb layers. The Nb supercon-
ducting layers have critical temperature near 9 K, which
allows us to measure the Josephson critical supercurrent at
4.2 K with the samples dipped in liquid helium. Details of
our fabrication and measurement procedures are given in
our previous publications [10,11].
The detailed sequence of internal layers [labeled F for

‘‘ferromagnetic’’ in Fig. 1(a)] is shown in Fig. 1(b). The

FIG. 1 (color online). (a) Schematic diagram of the Josephson
junction samples, shown in cross-section. (b) Detailed sequence
of the metal layers inside the Josephson junctions (labeled F in
a). The layers labeled X are either PdNi or CuNi alloy. The
functions of the various layers are described in the text. Only the
thicknesses of the Co and X layers are varied in this work. The
Cu buffer layers play no active role in the devices, but are
important to isolate the X layers magnetically from the Co
layers.
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effect with the surrounding Nb layers. The Nb supercon-
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We have measured a long-range supercurrent in Josephson junctions containing Co (a strong ferro-

magnetic material) when we insert thin layers of either PdNi or CuNi weakly ferromagnetic alloys

between the Co and the two superconducting Nb electrodes. The critical current in such junctions hardly

decays for Co thicknesses in the range of 12–28 nm, whereas it decays very steeply in similar junctions

without the alloy layers. The long-range supercurrent is controllable by the thickness of the alloy layer,

reaching a maximum for a thickness of a few nm. These experimental observations provide strong

evidence for induced spin-triplet pair correlations, which have been predicted to occur in

superconducting-ferromagnetic hybrid systems in the presence of certain types of magnetic

inhomogeneity.
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vening time. Here we present strong evidence for spin-
triplet pair correlations in Josephson junctions fabricated
from common metals: Nb and Co. The magnetic inhomo-
geneity is supplied by thin layers of a weakly
ferromagnetic alloy—either PdNi or CuNi—inserted be-
tween the Co and Nb layers. As the Co thickness is
increased, the maximum supercurrent in the Josephson
junctions decays very slowly—in sharp contrast to the
very fast decay observed in similar junctions without these
alloy layers [10]. The strength of the triplet correlations
can be controlled by the thickness of the alloy layer, reach-
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through the top Au layer is sputtered onto a Si substrate in a
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effect with the surrounding Nb layers. The Nb supercon-
ducting layers have critical temperature near 9 K, which
allows us to measure the Josephson critical supercurrent at
4.2 K with the samples dipped in liquid helium. Details of
our fabrication and measurement procedures are given in
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The detailed sequence of internal layers [labeled F for
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junction samples, shown in cross-section. (b) Detailed sequence
of the metal layers inside the Josephson junctions (labeled F in
a). The layers labeled X are either PdNi or CuNi alloy. The
functions of the various layers are described in the text. Only the
thicknesses of the Co and X layers are varied in this work. The
Cu buffer layers play no active role in the devices, but are
important to isolate the X layers magnetically from the Co
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purpose of the ferromagnetic Co is to suppress the conven-
tional spin-singlet Josephson supercurrent. As explained in
more detail in Ref. [10], we have inserted a thin Ru layer in
the center of the Co layer, which induces antiparallel
exchange coupling between the domains in the two Co
layers [12], leaving nearly zero net magnetization in the
junctions. As a result, the critical current vs applied mag-
netic field data exhibit nearly ideal ‘‘Fraunhofer patterns’’,
as shown in Fig. 2. These patterns give us reliable mea-
surements of the maximum critical current in each sample,
while also indicating that the current flow in the junctions
is uniform and that there are no shorts in the surrounding
SiO insulator. (Without the Ru layers, the Fraunhofer
patterns of Josephson junctions similar to the ones studied
here are random, and the critical currents are very small
[10].) The layers labeled X represent either Pd0:88Ni0:12 or
Cu0:48Ni0:52 ferromagnetic alloys. The Cu layers between
the X layers and the Co layers serve two purposes. First,
they isolate the X and Co layers magnetically, so the
magnetization of the X layers is not exchange coupled to
that of the Co layers. Second, we have found in our earlier
work that the quality of our sputtered Co is higher when
sputtered on Cu than on some other materials (Nb in [10]).

We discuss first the case where X ¼ Pd0:88Ni0:12, a
weakly ferromagnetic alloy with a Curie temperature of
175 K [11]. Figure 3(a) shows the product of critical
current and normal state resistance, IcRN, vs total cobalt
thickness, DCo " 2dCo, for a series of samples with fixed
PdNi layer thickness, dPdNi ¼ 4 nm. (The normal state
resistance, RN , is determined from the inverse slope of
the I-V curve for I # Ic.) There is no discernible decay
of IcRN for DCo > 12 nm. For comparison, Fig. 3(a) also
shows data from Ref. [10] for junctions not containing
PdNi. In those samples IcRN decays very rapidly with

increasing DCo, with a decay constant of 2:34$ 0:08 nm
[10]. WhenDCo ¼ 20 nm, IcRN is over 100 times larger in
the samples with PdNi than in the samples without PdNi.
The long-range character of the Josephson current in
samples with PdNi represents strong evidence for its
spin-triplet nature.
The subtle role of the X layers in enhancing the super-

current is illustrated in Fig. 3(b), which shows IcRN vs dX
with X ¼ PdNi or CuNi for two sets of samples with DCo

fixed at 20 nm. Without any X layer, IcRN is very small,
consistent with the data shown in Fig. 3(a). When the X

FIG. 2. Critical current (Ic) vs applied magnetic field (H) for a
10 !m diameter Josephson junction with dCo ¼ 13 nm and
dPdNi ¼ 4 nm, measured at T ¼ 4:2 K. The excellent
‘‘Fraunhofer pattern’’ results from cancellation of the intrinsic
magnetic flux in the junction, due to antiparallel exchange
coupling of the two Co layers via the thin Ru layer. (The lines
are guides to the eye.) The inset shows the current-voltage (I-V)
characteristic of the junction at H ¼ 0.

FIG. 3 (color online). (a) Product of critical current times
normal state resistance, IcRN , as a function of total Co thickness,
DCo ¼ 2dCo. Red circles represent junctions with X ¼ PdNi and
dPdNi ¼ 4 nm, whereas black squares represent junctions with no
X layer (taken from Ref. [10]). As DCo increases above 12 nm,
IcRN hardly drops in samples with PdNi, but drops very rapidly
in samples without. (The solid line is a fit of the data without
PdNi to a decaying exponential, also from Ref. [10]. In [10], data
from multiple junctions with the same value of DCo were
represented by a single data point with an error bar; here, each
device is represented by its own data point.) (b) IcRN product as
a function of dX for two series of junctions with fixed DCo ¼
20 nm. Red circles: X ¼ PdNi; blue triangles: X ¼ CuNi. (The
two squares at dX ¼ 0 are taken from Ref. [10].) In both cases,
IcRN first increases, then eventually decreases with increasing
dX. Lines are guides to the eye.
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We use InSb nanowires (15), which are
known to have strong spin-orbit interaction and
a large g factor (16). From our earlier quantum-
dot experiments, we extract a spin-orbit length
lso ≈ 200 nm corresponding to a Rashba param-
eter a ≈ 0.2 eV·Å (17). This translates to a spin-
orbit energy scale a2m*/(2ħ2) ≈ 50 meV (m* =
0.015me is the effective electron mass in InSb,
me is the bare electron mass, and ħ is Planck’s
constant h divided by 2p). Importantly, the g
factor in bulk InSb is very large (g ≈ 50), yield-
ing EZ/B ≈ 1.5 meV/T. As shown below, we find
an induced superconducting gap D ≈ 250 meV.
Thus, for m = 0, we expect to enter the topo-
logical phase for B ~ 0.15 T where EZ starts to
exceed D. The energy gap of the topological
superconductor is estimated to be a few kelvin
(17), if we assume a ballistic nanowire. The
topological gap is substantially reduced in a dis-
ordered wire (18, 19). We have measured mean
free paths of ~300 nm in our wires (15), implying
a quasi-ballistic regime in micrometer-long wires.
With these numbers, we expect Majorana zero-
energy states to become observable below 1 K
and around 0.15 T.

A typical sample is shown in Fig. 1B.We first
fabricate a pattern of narrow (50-nm) and wider
(300-nm) gates on a silicon substrate (20). The
gates are covered by a thin Si3N4 dielectric be-
fore we randomly deposit InSb nanowires. Next,
we electrically contact those nanowires that
have landed properly relative to the gates. The
lower contact in Fig. 1B fully covers the bottom
part of the nanowire. We have designed the up-
per contact to only cover half of the top part of
the nanowire, avoiding complete screening of
the underlying gates. This allows us to change
the Fermi energy in the section of the nanowire
(NW) with induced superconductivity. We have
used either a normal (N) or superconducting (S)
material for the lower and upper contacts, re-
sulting in three sample variations: (i) N-NW-S,
(ii) N-NW-N, and (iii) S-NW-S. Here, we dis-
cuss our main results on the N-NW-S devices,
whereas the other two types, serving as control
devices, are described in (20).

To perform spectroscopy on the induced su-
perconductor, we created a tunnel barrier in the
nanowire by applying a negative voltage to a
narrow gate (dark green area in Fig. 1, B and C).
A bias voltage applied externally between the N
and S contacts drops almost completely across
the tunnel barrier. In this setup, the differential
conductance dI/dV at voltage V and current I is
proportional to the density of states at energy E =
eV (where e is the charge on the electron) relative
to the zero-energy dashed line in Fig. 1C. Figure
1D shows an example taken at B = 0. The two
peaks at T250 meV correspond to the peaks in the
quasi-particle density of states of the induced
superconductor, providing a value for the in-
duced gap, D ≈ 250 meV. We generally find a
finite dI/dV in between these gap edges. We ob-
serve pairs of resonances with energies symmetric
around zero bias superimposed on nonresonant

currents throughout the gap region. Symmetric
resonances likely originate from Andreev bound
states (21, 22), whereas nonresonant current in-
dicates that the proximity gap has not fully de-
veloped (23).

Figure 2 summarizes our main result. Figure
2A shows a set of dI/dV-versus-V traces taken at

increasingB fields in 10-mTsteps from 0 (bottom
trace) to 490 mT (top trace), offset for clarity. We
again observe the gap edges at T250 meV. When
we apply a B field between ~100 and ~400 mT
along the nanowire axis, we observe a peak at
V= 0. The peak has an amplitude up to ~0.05·2e2/h
and is clearly discernible from the background
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Fig. 1. (A) Outline of theoretical proposals. (Top) Conceptual device layout with a semiconducting
nanowire in proximity to an s-wave superconductor. An external B field is aligned parallel to the wire.
The Rashba spin-orbit interaction is indicated as an effective magnetic field, Bso, pointing perpendicular
to the nanowire. The red stars indicate the expected locations of a Majorana pair. (Bottom) Energy, E,
versus momentum, k, for a 1D wire with Rashba spin-orbit interaction, which shifts the spin-down band
(blue) to the left and the spin-up band (red) to the right. Blue and red parabolas are for B = 0; black
curves are for B ≠ 0, illustrating the formation of a gap near k = 0 of size Ez (m is the Fermi energy with
m = 0 defined at the crossing of parabolas at k = 0). The superconductor induces pairing between states
of opposite momentum and opposite spin, creating a gap of size D. (B) Implemented version of the-
oretical proposals. Scanning electron microscope image of the device with normal (N) and super-
conducting (S) contacts. The S contact only covers the right part of the nanowire. The underlying gates,
numbered 1 to 4, are covered with a dielectric. [Note that gate 1 connects two gates, and gate 4
connects four narrow gates; see (C).] (C) (Top) Schematic of our device. (Bottom) illustration of energy
states. The green rectangle indicates the tunnel barrier separating the normal part of the nanowire on
the left from the wire section with induced superconducting gap, D. [In (B), the barrier gate is also
shown in green.] An external voltage, V, applied between N and S drops across the tunnel barrier. Red
stars again indicate the idealized locations of the Majorana pair. Only the left Majorana is probed in
this experiment. (D) Example of differential conductance, dI/dV, versus V at B = 0 and 65 mK, serving
as a spectroscopic measurement on the density of states in the nanowire region below the
superconductor. Data are from device 1. The two large peaks, separated by 2D, correspond to the quasi-
particle singularities above the induced gap. Two smaller subgap peaks, indicated by arrows, likely
correspond to Andreev bound states located symmetrically around zero energy. Measurements are
performed in dilution refrigerators with the use of the standard low-frequency lock-in technique
(frequency = 77 Hz, excitation = 3 mV) in the four-terminal (devices 1 and 3) or two-terminal (device 2)
current-voltage geometry.
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conductance. Above ~400 mT, we observe a pair
of peaks. The color panel in Fig. 2B provides an
overview of states and gaps in the plane of energy
and B field from –0.5 to 1 T. The observed sym-
metry around B = 0 is typical for all of our data

sets, demonstrating reproducibility and the ab-
sence of hysteresis. We indicate the gap edges
with horizontal green dashed lines (highlighted
only for B < 0). A pair of resonances crosses
zero energy at ~0.65 Twith a slope on the order

of EZ (highlighted by orange dotted lines). We
have followed these resonances up to high bias
voltages in (20) and identified them as Andreev
states bound within the gap of the bulk NbTiN
superconducting electrodes (~2 meV). In con-
trast, the ZBP sticks to zero energy over a range
of DB ~ 300mTcentered around ~250mT. Again
at ~400 mT, we observe two peaks located at
symmetric, finite biases.

To identify the origin of these ZBPs, we need
to consider various options including the Kondo
effect, Andreev bound states, weak antilocal-
ization, and reflectionless tunneling versus a
conjecture of Majorana bound states. ZBPs due
to the Kondo effect (24) or Andreev states bound
to s-wave superconductors (25) can occur at
finite B; however, with changing B, these peaks
then split and move to finite energy. A Kondo
resonance moves with 2EZ (24), which is easy to
dismiss as the origin for our ZBP because of the
large g factor in InSb. (Note that even a Kondo
effect from an impurity with g = 2 would be dis-
cernible.) Reflectionless tunneling is an enhance-
ment of Andreev reflection by time-reversed
paths in a diffusive normal region (26). As in
the case of weak antilocalization, the resulting
ZBP is maximal at B = 0 and disappears when
B is increased; see also (20). We thus conclude
that the above options for a ZBP do not provide
natural explanations for our observations. We
are not aware of any mechanism that could ex-
plain our observations, besides the conjecture of
a Majorana.

To further investigate the zero-biasness of
our peak, we measured gate voltage depend-
ences. Figure 3A shows a color panel with volt-
age sweeps on gate 2. The main observation is
the occurrence of two opposite types of behav-
ior. First, we observe peaks in the density of
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Fig. 2. Magnetic field–dependent spectroscopy. (A) dI/dV versus V at 70 mK
taken at different B fields (from 0 to 490 mT in 10-mT steps; traces are offset
for clarity, except for the lowest trace at B = 0). Data are from device 1.
Arrows indicate the induced gap peaks. (B) Color-scale plot of dI/dV versus V

and B. The ZBP is highlighted by a dashed oval; green dashed lines indicate
the gap edges. At ~0.6 T, a non-Majorana state is crossing zero bias with a
slope equal to ~3 meV/T (indicated by sloped yellow dotted lines). Traces in
(A) are extracted from (B).
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and 60 mK. Andreev bound states cross through zero bias, for example, near –5 V (yellow dotted lines).
The ZBP is visible from –10 to ~5 V (although in this color setting, it is not equally visible everywhere).
Split peaks are observed in the range of 7.5 to 10 V (20). In (B) and (C), we compare voltage sweeps on
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that in (C) the peak extends all the way to –10 V (19).] (D) Temperature dependence. dI/dV versus V at
150 mT. Traces have an offset for clarity (except for the lowest trace) and are taken at different
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the ZBP at V = 100 meV is 0.12 T 0.01·2e2/h for all temperatures. A FWHM of 20 meV is measured
between the arrows. All data in this figure are from device 1.
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rather than by microtubule reorganization. Thus,
polarization of the DVaxis is independent of the
formation of the microtubule array that defines
the AP axis, as previously proposed.
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Signatures of Majorana Fermions in
Hybrid Superconductor-Semiconductor
Nanowire Devices
V. Mourik,1* K. Zuo,1* S. M. Frolov,1 S. R. Plissard,2 E. P. A. M. Bakkers,1,2 L. P. Kouwenhoven1†

Majorana fermions are particles identical to their own antiparticles. They have been theoretically
predicted to exist in topological superconductors. Here, we report electrical measurements on
indium antimonide nanowires contacted with one normal (gold) and one superconducting
(niobium titanium nitride) electrode. Gate voltages vary electron density and define a tunnel
barrier between normal and superconducting contacts. In the presence of magnetic fields on the
order of 100 millitesla, we observe bound, midgap states at zero bias voltage. These bound states
remain fixed to zero bias, even when magnetic fields and gate voltages are changed over
considerable ranges. Our observations support the hypothesis of Majorana fermions in nanowires
coupled to superconductors.

All elementary particles have an anti-
particle of opposite charge (for example,
an electron and a positron); the meet-

ing of a particle with its antiparticle results in
the annihilation of both. A special class of par-
ticles, called Majorana fermions, are predicted
to exist that are identical to their own anti-
particle (1). They may appear naturally as ele-

mentary particles or emerge as charge-neutral
and zero-energy quasi-particles in a supercon-
ductor (2, 3). Particularly interesting for the
realization of qubits in quantum computing are
pairs of localized Majoranas separated from each
other by a superconducting region in a topolog-
ical phase (4–11).

On the basis of earlier and later semiconductor-
based proposals (6, 7), Lutchyn et al. (8) and
Oreg et al. (9) have outlined the necessary in-
gredients for engineering a nanowire device that
should accommodate pairs of Majoranas. The
starting point is a one-dimensional (1D) nano-
wire made of semiconducting material with
strong spin-orbit interaction (Fig. 1A). In the
presence of a magnetic field B along the axis

of the nanowire (i.e., a Zeeman field), a gap is
opened at the crossing between the two spin-
orbit bands. If the Fermi energy m is inside this
gap, the degeneracy is twofold, whereas outside
the gap it is fourfold. The next ingredient is to
connect the semiconducting nanowire to an
ordinary s-wave superconductor (Fig. 1A). The
proximity of the superconductor induces pairing
in the nanowire between electron states of oppo-
site momentum and opposite spins and induces
a gap, D. Combining this twofold degeneracy
with an induced gap creates a topological super-
conductor (4–11). The condition for a topolog-
ical phase is EZ > (D2 + m2)1/2, with the Zeeman
energy EZ = gmBB/2 (g is the Landé g factor, mB
is the Bohr magneton). Near the ends of the
wire, the electron density is reduced to zero, and
subsequently, m will drop below the subband
energies such that m2 becomes large. At the points
in space where EZ = (D2 + m2)1/2, Majoranas arise
as zero-energy (i.e., midgap) bound states—one
at each end of the wire (4, 8–11).

Despite their zero charge and energy, Ma-
joranas can be detected in electrical measure-
ments. Tunneling spectroscopy from a normal
conductor into the end of the wire should re-
veal a state at zero energy (12–14). Here, we
report the observation of such zero-energy peaks
and show that they rigidly stick to zero energy
while changing B and gate voltages over large
ranges. Furthermore, we show that this zero-
bias peak (ZBP) is absent if we take out any
of the necessary ingredients of the Majorana
proposals; that is, the rigid ZBP disappears for
zero magnetic field, for a magnetic field par-
allel to the spin-orbit field, or when we take
out the superconductivity.
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rather than by microtubule reorganization. Thus,
polarization of the DVaxis is independent of the
formation of the microtubule array that defines
the AP axis, as previously proposed.
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Signatures of Majorana Fermions in
Hybrid Superconductor-Semiconductor
Nanowire Devices
V. Mourik,1* K. Zuo,1* S. M. Frolov,1 S. R. Plissard,2 E. P. A. M. Bakkers,1,2 L. P. Kouwenhoven1†

Majorana fermions are particles identical to their own antiparticles. They have been theoretically
predicted to exist in topological superconductors. Here, we report electrical measurements on
indium antimonide nanowires contacted with one normal (gold) and one superconducting
(niobium titanium nitride) electrode. Gate voltages vary electron density and define a tunnel
barrier between normal and superconducting contacts. In the presence of magnetic fields on the
order of 100 millitesla, we observe bound, midgap states at zero bias voltage. These bound states
remain fixed to zero bias, even when magnetic fields and gate voltages are changed over
considerable ranges. Our observations support the hypothesis of Majorana fermions in nanowires
coupled to superconductors.

All elementary particles have an anti-
particle of opposite charge (for example,
an electron and a positron); the meet-

ing of a particle with its antiparticle results in
the annihilation of both. A special class of par-
ticles, called Majorana fermions, are predicted
to exist that are identical to their own anti-
particle (1). They may appear naturally as ele-

mentary particles or emerge as charge-neutral
and zero-energy quasi-particles in a supercon-
ductor (2, 3). Particularly interesting for the
realization of qubits in quantum computing are
pairs of localized Majoranas separated from each
other by a superconducting region in a topolog-
ical phase (4–11).

On the basis of earlier and later semiconductor-
based proposals (6, 7), Lutchyn et al. (8) and
Oreg et al. (9) have outlined the necessary in-
gredients for engineering a nanowire device that
should accommodate pairs of Majoranas. The
starting point is a one-dimensional (1D) nano-
wire made of semiconducting material with
strong spin-orbit interaction (Fig. 1A). In the
presence of a magnetic field B along the axis

of the nanowire (i.e., a Zeeman field), a gap is
opened at the crossing between the two spin-
orbit bands. If the Fermi energy m is inside this
gap, the degeneracy is twofold, whereas outside
the gap it is fourfold. The next ingredient is to
connect the semiconducting nanowire to an
ordinary s-wave superconductor (Fig. 1A). The
proximity of the superconductor induces pairing
in the nanowire between electron states of oppo-
site momentum and opposite spins and induces
a gap, D. Combining this twofold degeneracy
with an induced gap creates a topological super-
conductor (4–11). The condition for a topolog-
ical phase is EZ > (D2 + m2)1/2, with the Zeeman
energy EZ = gmBB/2 (g is the Landé g factor, mB
is the Bohr magneton). Near the ends of the
wire, the electron density is reduced to zero, and
subsequently, m will drop below the subband
energies such that m2 becomes large. At the points
in space where EZ = (D2 + m2)1/2, Majoranas arise
as zero-energy (i.e., midgap) bound states—one
at each end of the wire (4, 8–11).

Despite their zero charge and energy, Ma-
joranas can be detected in electrical measure-
ments. Tunneling spectroscopy from a normal
conductor into the end of the wire should re-
veal a state at zero energy (12–14). Here, we
report the observation of such zero-energy peaks
and show that they rigidly stick to zero energy
while changing B and gate voltages over large
ranges. Furthermore, we show that this zero-
bias peak (ZBP) is absent if we take out any
of the necessary ingredients of the Majorana
proposals; that is, the rigid ZBP disappears for
zero magnetic field, for a magnetic field par-
allel to the spin-orbit field, or when we take
out the superconductivity.
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rather than by microtubule reorganization. Thus,
polarization of the DVaxis is independent of the
formation of the microtubule array that defines
the AP axis, as previously proposed.
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Nanowire Devices
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Majorana fermions are particles identical to their own antiparticles. They have been theoretically
predicted to exist in topological superconductors. Here, we report electrical measurements on
indium antimonide nanowires contacted with one normal (gold) and one superconducting
(niobium titanium nitride) electrode. Gate voltages vary electron density and define a tunnel
barrier between normal and superconducting contacts. In the presence of magnetic fields on the
order of 100 millitesla, we observe bound, midgap states at zero bias voltage. These bound states
remain fixed to zero bias, even when magnetic fields and gate voltages are changed over
considerable ranges. Our observations support the hypothesis of Majorana fermions in nanowires
coupled to superconductors.

All elementary particles have an anti-
particle of opposite charge (for example,
an electron and a positron); the meet-

ing of a particle with its antiparticle results in
the annihilation of both. A special class of par-
ticles, called Majorana fermions, are predicted
to exist that are identical to their own anti-
particle (1). They may appear naturally as ele-

mentary particles or emerge as charge-neutral
and zero-energy quasi-particles in a supercon-
ductor (2, 3). Particularly interesting for the
realization of qubits in quantum computing are
pairs of localized Majoranas separated from each
other by a superconducting region in a topolog-
ical phase (4–11).

On the basis of earlier and later semiconductor-
based proposals (6, 7), Lutchyn et al. (8) and
Oreg et al. (9) have outlined the necessary in-
gredients for engineering a nanowire device that
should accommodate pairs of Majoranas. The
starting point is a one-dimensional (1D) nano-
wire made of semiconducting material with
strong spin-orbit interaction (Fig. 1A). In the
presence of a magnetic field B along the axis

of the nanowire (i.e., a Zeeman field), a gap is
opened at the crossing between the two spin-
orbit bands. If the Fermi energy m is inside this
gap, the degeneracy is twofold, whereas outside
the gap it is fourfold. The next ingredient is to
connect the semiconducting nanowire to an
ordinary s-wave superconductor (Fig. 1A). The
proximity of the superconductor induces pairing
in the nanowire between electron states of oppo-
site momentum and opposite spins and induces
a gap, D. Combining this twofold degeneracy
with an induced gap creates a topological super-
conductor (4–11). The condition for a topolog-
ical phase is EZ > (D2 + m2)1/2, with the Zeeman
energy EZ = gmBB/2 (g is the Landé g factor, mB
is the Bohr magneton). Near the ends of the
wire, the electron density is reduced to zero, and
subsequently, m will drop below the subband
energies such that m2 becomes large. At the points
in space where EZ = (D2 + m2)1/2, Majoranas arise
as zero-energy (i.e., midgap) bound states—one
at each end of the wire (4, 8–11).

Despite their zero charge and energy, Ma-
joranas can be detected in electrical measure-
ments. Tunneling spectroscopy from a normal
conductor into the end of the wire should re-
veal a state at zero energy (12–14). Here, we
report the observation of such zero-energy peaks
and show that they rigidly stick to zero energy
while changing B and gate voltages over large
ranges. Furthermore, we show that this zero-
bias peak (ZBP) is absent if we take out any
of the necessary ingredients of the Majorana
proposals; that is, the rigid ZBP disappears for
zero magnetic field, for a magnetic field par-
allel to the spin-orbit field, or when we take
out the superconductivity.
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rather than by microtubule reorganization. Thus,
polarization of the DVaxis is independent of the
formation of the microtubule array that defines
the AP axis, as previously proposed.
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Majorana fermions are particles identical to their own antiparticles. They have been theoretically
predicted to exist in topological superconductors. Here, we report electrical measurements on
indium antimonide nanowires contacted with one normal (gold) and one superconducting
(niobium titanium nitride) electrode. Gate voltages vary electron density and define a tunnel
barrier between normal and superconducting contacts. In the presence of magnetic fields on the
order of 100 millitesla, we observe bound, midgap states at zero bias voltage. These bound states
remain fixed to zero bias, even when magnetic fields and gate voltages are changed over
considerable ranges. Our observations support the hypothesis of Majorana fermions in nanowires
coupled to superconductors.

All elementary particles have an anti-
particle of opposite charge (for example,
an electron and a positron); the meet-

ing of a particle with its antiparticle results in
the annihilation of both. A special class of par-
ticles, called Majorana fermions, are predicted
to exist that are identical to their own anti-
particle (1). They may appear naturally as ele-

mentary particles or emerge as charge-neutral
and zero-energy quasi-particles in a supercon-
ductor (2, 3). Particularly interesting for the
realization of qubits in quantum computing are
pairs of localized Majoranas separated from each
other by a superconducting region in a topolog-
ical phase (4–11).

On the basis of earlier and later semiconductor-
based proposals (6, 7), Lutchyn et al. (8) and
Oreg et al. (9) have outlined the necessary in-
gredients for engineering a nanowire device that
should accommodate pairs of Majoranas. The
starting point is a one-dimensional (1D) nano-
wire made of semiconducting material with
strong spin-orbit interaction (Fig. 1A). In the
presence of a magnetic field B along the axis

of the nanowire (i.e., a Zeeman field), a gap is
opened at the crossing between the two spin-
orbit bands. If the Fermi energy m is inside this
gap, the degeneracy is twofold, whereas outside
the gap it is fourfold. The next ingredient is to
connect the semiconducting nanowire to an
ordinary s-wave superconductor (Fig. 1A). The
proximity of the superconductor induces pairing
in the nanowire between electron states of oppo-
site momentum and opposite spins and induces
a gap, D. Combining this twofold degeneracy
with an induced gap creates a topological super-
conductor (4–11). The condition for a topolog-
ical phase is EZ > (D2 + m2)1/2, with the Zeeman
energy EZ = gmBB/2 (g is the Landé g factor, mB
is the Bohr magneton). Near the ends of the
wire, the electron density is reduced to zero, and
subsequently, m will drop below the subband
energies such that m2 becomes large. At the points
in space where EZ = (D2 + m2)1/2, Majoranas arise
as zero-energy (i.e., midgap) bound states—one
at each end of the wire (4, 8–11).

Despite their zero charge and energy, Ma-
joranas can be detected in electrical measure-
ments. Tunneling spectroscopy from a normal
conductor into the end of the wire should re-
veal a state at zero energy (12–14). Here, we
report the observation of such zero-energy peaks
and show that they rigidly stick to zero energy
while changing B and gate voltages over large
ranges. Furthermore, we show that this zero-
bias peak (ZBP) is absent if we take out any
of the necessary ingredients of the Majorana
proposals; that is, the rigid ZBP disappears for
zero magnetic field, for a magnetic field par-
allel to the spin-orbit field, or when we take
out the superconductivity.
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Bipolar supercurrent in graphene
Hubert B. Heersche1*, Pablo Jarillo-Herrero1*, Jeroen B. Oostinga1, Lieven M. K. Vandersypen1

& Alberto F. Morpurgo1

Graphene—a recently discovered form of graphite only one
atomic layer thick1—constitutes a new model system in condensed
matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in

*These authors contributed equally to this work.

1Kavli Institute of Nanoscience, Delft University of Technology, PO Box 5046, 2600 GA, Delft, The Netherlands.

02002–04–0.0

5.0

0.1

5.1

0.2

5.2

0402002–04–
5.0

0.1

5.1

0.2

R
 (k

Ω
)

a b

c d
B T 01 =

T Km 001 =

B Tm 53 =

T Km 03 =

1 µm

VG (V) VG (V) 

G
 (4

e2
/h

)

Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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electrons, while for more negative Vtg the Fermi level is moved down
into the valence band and charge transport is dominated by holes.
This interpretation is confirmed by measurements in the quantum
Hall regime performed on material from the same growth batch24.
The position of the CNP shifts to more positive Vtg as the back-
gate voltage Vbg is tuned more negative, as shown in the line cuts
in Fig. 2b, in qualitative agreement with band structure calcu-
lations9. The maximum resistance at the CNP is ∼7 kΩ. This
value is smaller than the ideal quantized value of h/2e2 (∼13 kΩ)
expected for transport only via helical edge modes, indicating a
residual bulk conductivity of ∼15 kΩ.

For Bz < 11 mT we observe a supercurrent, a direct consequence
of the d.c. Josephson effect. We define the switching current, ISW, as
the value of the applied bias current when the developed voltage
jumps from virtually zero to a finite value (Fig. 3b). ISW is tuned
by means of gate voltages: as Vtg becomes less positive ISW first
decreases, then saturates at a minimum value for Vtg near the
CNP, and then increases again for more negative Vtg due to hole-
mediated transport through the bulk (Fig. 3a). To unambiguously
establish the Josephson nature of our junctions, we irradiated the
device with microwaves of frequency fRF. The familiar Shapiro
ladder25,26 is observed, with steps at V = nhfRF/2e (n = 1,2…).
Figure 3b shows a comparison of I–V curves measured without

and with microwaves, the latter showing characteristic Shapiro
steps, which are a consequence of the a.c. Josephson effect. The
step heights exhibit the expected linear dependence when fRF is
varied (inset of Fig. 3b). Figure 3c shows the characteristic modu-
lation of the widths of the Shapiro steps by the magnitude of the
applied microwave field. Similar data near the CNP are presented
in Supplementary Fig. 8.

Having established the d.c. and a.c. Josephson effect in our InAs/
GaSb junctions, we next analyse the spatial distribution of the super-
current by performing SQI measurements at different gate values
(Fig. 4). As shown by Dynes and Fulton23, the current density
profile Jc(x) can be determined from the measured SQI provided
the phase of the complex Fourier transform can be reliably esti-
mated. We first comment on the validity of the Dynes and Fulton
approach for our devices. The superconducting coherence length
for an edge mode velocity v ≈ 4.6 × 104 m s–1 in InAs/GaSb27 is
ζ ≥ 240 nm (using Δind ≤ Δ ≈ 125 μeV, where Δ is the superconduct-
ing gap of the electrodes, Supplementary Fig. 9). We have verified
that in our limit (where L is of order ζ) the SQI pattern is only
weakly sensitive to deviations from a perfect sinusoidal I–Φ relation
(Supplementary Fig. 15), so the Dynes and Fulton short junction
approach is indeed justified for obtaining qualitative supercurrent
distributions. Recently, Hui et al. performed independent numerical
calculations based on our data and support our results28.

Figure 4 summarizes our main result: gate-tuning from bulk to
edge-mode superconductivity. The figure shows SQI data at the
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Figure 1 | Band structure and SQI patterns. a,b, Top panels: Schematic
band diagrams for InAs/GaSb quantum wells. Owing to the type-II broken
band alignment within the heterostructure, the electron (red) and hole
(blue) 2D-bulk bands cross. Coupling between these bands opens up a
topological gap, which is crossed by gapless, linearly dispersive helical edge
states. These states are shown by the pink and green lines. Arrows indicate
the spins of the states. When the Fermi level is in one of the bulk bands
(a, orange rectangles) the critical current density profile is spatially uniform
(middle panel) and the corresponding SQI has a Fraunhofer-like shape with
a central lobe of width 2Φ0 and side lobes of width Φ0 (bottom panel).
When the Fermi level is in the topological gap and crosses the helical edge
modes (b, orange rectangle), the current density profile is localized at the
edges (middle panel) and the corresponding SQI has a SQUID-like shape
(bottom panel). For a conventional SQUID, the SQI has Φ0 periodicity
(bottom panel, solid line). A 2Φ0-periodic SQI is expected for the helical
edge modes in the absence of quasiparticle poisoning. The dashed lines in
the bottom panel show the two possible phases, which depend on whether
or not the two edges have the same fermion parity.
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Figure 2 | Device layout and normal state transport. a, False-colour
scanning electron microscope image of a typical S–InAs/GaSb–S junction,
where S represents the superconducting material, which is composed of
Ti(5 nm)/Al(150 nm) (see Supplementary Fig. 12 for devices with NbTiNx

contacts). b, Cross-sectional view of device layout. c, Phase diagram
measured on InAs/GaSb (device A, cooldown 1). RN is measured using d.c.
excitation current Isd = 5 nA. The Ti/Al contacts are driven into the normal
state by an applied field Bz = 100 mT. The dashed rectangle refers to the
data discussed in Fig. 5. d, Line cuts showing RN as a function of Vtg for
three different values of Vbg (corresponding to the dashed lines in c).
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2The Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel
3Peter Grünberg Institute and JARA-Fundamentals of Future Information Technology, Forschungszentrum Jülich GmbH,
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We demonstrate experimentally the existence of Josephson junctions having a doubly degenerate

ground state with an average Josephson phase c ¼ "’. The value of ’ can be chosen by design in the

interval 0<’< !. The junctions used in our experiments are fabricated as 0-! Josephson junctions of

moderate normalized length with asymmetric 0 and ! regions. We show that (a) these ’ Josephson

junctions have two critical currents, corresponding to the escape of the phase c from #’ and þ’ states,

(b) the phase c can be set to a particular state by tuning an external magnetic field, or (c) by using a proper

bias current sweep sequence. The experimental observations are in agreement with previous theoretical

predictions.

DOI: 10.1103/PhysRevLett.109.107002 PACS numbers: 74.50.+r, 85.25.Cp

Josephson junctions (JJs) with a phase shift of ! in the
ground state [1] have attracted a lot of interest in recent
years [2–7]. In particular, these JJs can be used as on-chip
phase batteries for biasing various classical [8] and quan-
tum [9] circuits, allowing for removing external bias lines
and reducing decoherence. Currently, it is possible to
fabricate simultaneously both 0 and ! JJs using various
technologies such as superconductor-ferromagnet hetero-
structures [10–14] or JJs based on d-wave superconductors
[15–18].

It would be remarkable to have a phase battery providing
an arbitrary phase shift ’, rather than just 0 or !. The
simplest idea is to combine 0 and ! JJs to obtain a ’ JJ.
However, this is not as straightforward as it may seem. The
balance between 0 and ! parts is complicated as shown in
the pioneering work [19], where conditions for having a
nontrivial ’-state were derived. Long artificial [20,21] and
natural [22–24] arrays of . . . -0-!-0-!-. . . JJs with short
segments were analyzed in detail and suggested as sys-
tems, where a ’ JJ could be realized. More recently, only
one period of such an array, i.e., one 0-! JJ, was analyzed
in an external magnetic field [25]. In these works, the
Josephson phase "ðxÞ is considered as a sum of a constant
(or slowly varying) phase c and a deviation j#ðxÞj ' 1
from the average phase. Then, for the average phase c one
obtains an effective current-phase relation (CPR) for the
supercurrent [25]

Is ¼ hIci
!
sinðc Þ þ !0

2
sinð2c Þ þ !hh cosðc Þ

"
; (1)

where the averaged value of the critical current hIci ¼
hjciLw. The CPR (1) exactly corresponds to a ’ JJ at
zero normalized magnetic field h ¼ 0, if !0 <#1,

cf. Fig. 1(a). Here L ¼ L0 þ L! is the total length of the
JJ, while L0 and L! are the lengths of 0 and ! parts,
accordingly, w is the width of the JJ.
It is worth noting that the term ‘‘’ JJ,’’ introduced in

Ref. [20], refers to a JJ with a degenerate ground state
phase c ¼ "’. In the particular case of Eq. (1) at h ¼ 0,
one has ’ ¼ arccosð#1=!0Þ. The coefficients !0 and !h

are defined as [26]

!0 ¼ # l20l
2
!

3

ðjc;0 # jc;!Þ2
ðjc;0l0 þ jc;!l!Þ2

; (2a)

!h ¼
l0l!
2

jc;0 # jc;!
jc;0l0 þ jc;!l!

; (2b)

where l0, l! are the lengths normalized to the Josephson
length $JðhjciÞ and jc;0, jc;! are the critical current den-
sities of 0 and ! parts, respectively. Here $J is calculated
using the average value of the critical current hjci ¼
ðL0jc;0 þ L!jc;!Þ=ðL0 þ L!Þ.
The physics of’ JJs with a CPR given by Eq. (1) is quite

unusual [27]. In particular, one should observe two critical
currents [25,27] at h ¼ 0, corresponding to the escape of
the phase from the left (# ’) or the right (þ ’) well of the
double-well Josephson energy potential

Uðc Þ¼ hEJi
!
1#cosðc Þþ!hhsinðc Þþ!0

2
sin2ðc Þ

"
; (3)

where hEJi ¼ "0hIci=ð2!Þ. The critical currents are differ-
ent because the maximum slope [maximum supercurrent in
Fig. 1(a)] on the right-hand side (positive bias) of the #’
well is smaller than the maximum slope [maximum super-
current in Fig. 1(a)] on the right-hand side of theþ’ well,
see Fig. 1(b).
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Auf der Morgenstelle 14, D-72076 Tübingen, Germany*
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In this Letter we present experimental evidences of a ’
JJ made of one 0 and one ! segment, see Fig. 2(a).

The samples were fabricated as NbjAl!
Al2O3jNi0:6Cu0:4jNb heterostructures [11,28]. These
superconductor-insulator-ferromagnet-superconductor
(SIFS) JJs have an overlap geometry as shown in Fig. 2(b).
Each junction consists of two parts, a conventional 0 seg-
ment and a! segment. It is well known [4,5,29,30] that the
critical current in SFS or SIFS JJs strongly depends on the
thickness dF of the F layer and can become negative within

some range of dF (! junction). Therefore, to produce the 0
and the ! segments, the F layer has different thicknesses
dF;0 and dF;!, as shown in Fig. 2(a). To achieve this,
the F layer of thickness dF;!, corresponding to jc;! "
jcðdF;!Þ< 0 (! JJ) was fabricated first. Then the area
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the ’ domain, see Fig. 3 for a qualitative picture. The other
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values of jc;0 and jc;! cannot be measured directly. In our
case we have measured the IcðHÞ dependence (see below)
and then simulated it numerically using jc;0 and jc;! as
fitting parameters. The best fitting was obtained for the
values specified in Table I.
According to theoretical predictions [25,27] for a ’ JJ at

zero magnetic fieldH ¼ 0 one expects two critical currents
jIc!j< jIcþj (for each bias direction), corresponding to the
escape of the phase from !’ and þ’ wells of Uðc Þ,
respectively, for bias current I > 0 and vice versa for
I < 0. The current Icþ is always observed. To observe
Ic! one has to have low damping so that retrapping in

FIG. 1 (color online). (a) Effective CPR jsðc Þ and (b) effective
Josephson energy Uðc Þ calculated numerically (thick lines) in
comparison to those given by approximate analytical formulas
(1) and (3) (thin lines). For h < 0 the Uðc Þ curves look mirror
reflected with respect to the U axis, i.e., Uðc ; hÞ ¼ Uð!c ;!hÞ.
(c) Numerically calculated effective Josephson energy Uðc Þ at
h ¼ 0 tilted by an applied bias current I > 0 [energy supplied by
the current source !!0Ic =ð2!Þ]. Several important situations
are shown: ground state I ¼ 0 [same curve as in (b)], I ¼ Ir
(retrapping), I ¼ Ic! (escape from !’ well), and I ¼ Icþ
(escape from þ’ well).

FIG. 2 (color online). (a) Sketch (cross section) of the inves-
tigated SIFS 0-! JJ with a step in the F-layer thickness.
(b) Optical image (top view, colored manually) of an investi-
gated sample having overlap geometry. The junction area
(0 segment and ! segment) is 200( 10 "m2. The ‘‘etched
F-layer’’ area shows where the thickness of the F layer was
reduced from dF;! to dF;0 to produce a 0-! JJ.
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Topological superconductivity is an exotic state of matter that
supports Majorana zero-modes, which have been predicted
to occur in the surface states of three-dimensional systems,
in the edge states of two-dimensional systems, and in one-
dimensional wires1,2. Localized Majorana zero-modes obey
non-Abelian exchange statistics, making them interesting
building blocks for topological quantum computing3,4. Here,
we report superconductivity induced in the edge modes of
semiconducting InAs/GaSb quantum wells, a two-dimensional
topological insulator5–10. Using superconducting quantum
interference we demonstrate gate-tuning between edge-domi-
nated and bulk-dominated regimes of superconducting trans-
port. The edge-dominated regime arises only under
conditions of high-bulk resistivity, which we associate with
the two-dimensional topological phase. These experiments
establish InAs/GaSb as a promising platform for the confine-
ment of Majoranas into localized states, enabling future
investigations of non-Abelian statistics.

Several studies have reported on topological superconductivity in
three-dimensional (3D)11 and 1D12–15 materials. In 2D semiconduc-
tor quantum wells a topological insulator (TI) is identified by the
observation of a quantum spin Hall effect5,6. In this phase the 2D
bulk is a gapped insulator and transport only occurs in gapless
edge states. These edge modes are spin-polarized and counter-pro-
pagating channels, known as helical modes, which are protected
against elastic backscattering in the presence of time-reversal sym-
metry. To date, only two 2D TI systems have been identified exper-
imentally—HgTe/HgCdTe quantum wells8 and InAs/GaSb double
quantum wells10,16. In each of these, the origin of the TI phase is
different: relativistic band-bending for HgTe/HgCdTe7 and type-II
broken band alignment for InAs/GaSb9. Recent scanning
microscopy experiments have confirmed the presence of edge cur-
rents in both 2D TIs17,18. The two different material classes are con-
sidered to be interesting complementary alternatives for
topological studies.

Effects arising from proximitizing TIs with superconductors have
been investigated, including excess currents due toAndreev reflection19

and Josephson effects in superconductor–normal–superconductor
(SNS) junctions20. To demonstrate topological superconductivity
(TS), however, it needs to be shown explicitly that superconducting
transport takes place along the helical edges. Here, we demonstrate
edge-mode superconductivity in InAs/GaSb. A similar experiment
was reported recently by Hart et al. in the HgTe material21.

A straightforward consequence of the conventional SNS junction
configuration (Fig. 1a), in contrast to an edge-mode superconduct-
ing junction (Fig. 1b), can be observed in a superconducting
quantum interference (SQI) measurement, where a perpendicular

magnetic field induces oscillations in the amplitude of the supercon-
ducting current. A wide conventional SNS junction yields the
Fraunhofer pattern, as shown in the bottom panel of Fig. 1a. In the
case of edge-mode superconductivity the junction effectively acts as
a superconducting quantum interference device (SQUID) with a
well-known Φ0-periodic interference pattern (bottom panel of
Fig. 1b). A 2Φ0-periodic SQI is expected for the helical edge modes
in the absence of quasiparticle poisoning (two phases are possible,
as shown by the dashed lines in the bottom panel of Fig. 1b, depend-
ing on whether or not the two edges have the same fermion parity)22.
Quasiparticle poisoning can induce fermion parity switches that
restore the Φ0 periodicity, even for helical modes.

To specify this further, we consider a short Josephson junction
(defined as L≪ ζ, where L is the contact separation and ζ = h− v/Δind
is the superconducting coherence length in the junction material
with Fermi velocity v and induced gap Δind), which has a sinusoidal
current-phase relation. In this case, the Josephson supercurrent
Is(Bz) is given by the Fourier transform of the density profile of
the critical current Jc(x) taken at a perpendicular magnetic field
Bz = 0, Is Bz

( )
= Im ∫∞−∞ Jc(x)e

ikx+f0dx
[ ]

, with the effect of the mag-
netic field included in k = 2πLeffBz/Φ0 (ref. 23), where Leff is the
effective junction length taking into account magnetic flux focusing
due to the Meissner effect. The critical current becomes
Ic(Bz) ≡ max[Is(Bz)] = ∥ ∫∞−∞ Jc(x)e

ikxdx∥. For a wide junction with
spatially uniform Jc(x) = constant, the SQI pattern has the typical
Fraunhofer form, |sin(πLeffWBz/Φ0)/(πLeffWBz/Φ0)|, with a central
lobe of width 2Φ0 and side lobes of width Φ0 (Φ0 = h/2e is the super-
conducting flux quantum) (Fig. 1a). In contrast, for edge-mode
superconductivity, the SQI is simply Φ0-periodic (Fig. 1b). Note
that this analysis does not include effects with a topological
origin, such as when the edge modes have helical character. In
that case the SQI can become 2Φ0-periodic1,2, as illustrated in
Fig. 1b and discussed later in this Letter.

Before investigating the superconducting regime we first describe
the normal state transport in our Ti/Al–InAs/GaSb–Ti/Al junctions
(for details of the device geometry see Fig. 2a,b). We focus on one
device (device A) and map out the normal state resistance RN
when superconductivity is suppressed by Bz = 0.1 T (Fig. 2a). The
junction has width W = 3.9 μm and contact separation L = 400 nm,
significantly shorter than the edge mode decoherence length of
∼2–4 μm (refs 10,16). Transport is gate-tuned using the n+ GaAs
substrate as a back gate, and a Ti/Au top gate. As the top-gate
voltage Vtg is tuned from positive to negative, a resistance peak
develops, indicating a charge neutrality point (CNP)16,24 when the
Fermi energy is located in the topological gap (upper panel in
Fig. 1b). For more positive Vtg the Fermi level is moved up into
the conduction band and the dominant charge carriers are
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Bipolar supercurrent in graphene
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Graphene—a recently discovered form of graphite only one
atomic layer thick1—constitutes a new model system in condensed
matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in

*These authors contributed equally to this work.

1Kavli Institute of Nanoscience, Delft University of Technology, PO Box 5046, 2600 GA, Delft, The Netherlands.

02002–04–0.0

5.0

0.1

5.1

0.2

5.2

0402002–04–
5.0

0.1

5.1

0.2

R
 (k

Ω
)

a b

c d
B T 01 =

T Km 001 =

B Tm 53 =

T Km 03 =

1 µm

VG (V) VG (V) 

G
 (4

e2
/h

)

Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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Graphene—a recently discovered form of graphite only one
atomic layer thick1—constitutes a new model system in condensed
matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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Graphene—a recently discovered form of graphite only one
atomic layer thick1—constitutes a new model system in condensed
matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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Graphene—a recently discovered form of graphite only one
atomic layer thick1—constitutes a new model system in condensed
matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.

Vol 446 | 1 March 2007 | doi:10.1038/nature05555

56
Nature   ©2007 Publishing Group



Dissipation in hybrid JJs

Edge-mode superconductivity in a
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Vlad S. Pribiag1†‡, Arjan J. A. Beukman1‡, Fanming Qu1‡, Maja C. Cassidy1, Christophe Charpentier2,
Werner Wegscheider2 and Leo P. Kouwenhoven1*

Topological superconductivity is an exotic state of matter that
supports Majorana zero-modes, which have been predicted
to occur in the surface states of three-dimensional systems,
in the edge states of two-dimensional systems, and in one-
dimensional wires1,2. Localized Majorana zero-modes obey
non-Abelian exchange statistics, making them interesting
building blocks for topological quantum computing3,4. Here,
we report superconductivity induced in the edge modes of
semiconducting InAs/GaSb quantum wells, a two-dimensional
topological insulator5–10. Using superconducting quantum
interference we demonstrate gate-tuning between edge-domi-
nated and bulk-dominated regimes of superconducting trans-
port. The edge-dominated regime arises only under
conditions of high-bulk resistivity, which we associate with
the two-dimensional topological phase. These experiments
establish InAs/GaSb as a promising platform for the confine-
ment of Majoranas into localized states, enabling future
investigations of non-Abelian statistics.

Several studies have reported on topological superconductivity in
three-dimensional (3D)11 and 1D12–15 materials. In 2D semiconduc-
tor quantum wells a topological insulator (TI) is identified by the
observation of a quantum spin Hall effect5,6. In this phase the 2D
bulk is a gapped insulator and transport only occurs in gapless
edge states. These edge modes are spin-polarized and counter-pro-
pagating channels, known as helical modes, which are protected
against elastic backscattering in the presence of time-reversal sym-
metry. To date, only two 2D TI systems have been identified exper-
imentally—HgTe/HgCdTe quantum wells8 and InAs/GaSb double
quantum wells10,16. In each of these, the origin of the TI phase is
different: relativistic band-bending for HgTe/HgCdTe7 and type-II
broken band alignment for InAs/GaSb9. Recent scanning
microscopy experiments have confirmed the presence of edge cur-
rents in both 2D TIs17,18. The two different material classes are con-
sidered to be interesting complementary alternatives for
topological studies.

Effects arising from proximitizing TIs with superconductors have
been investigated, including excess currents due toAndreev reflection19

and Josephson effects in superconductor–normal–superconductor
(SNS) junctions20. To demonstrate topological superconductivity
(TS), however, it needs to be shown explicitly that superconducting
transport takes place along the helical edges. Here, we demonstrate
edge-mode superconductivity in InAs/GaSb. A similar experiment
was reported recently by Hart et al. in the HgTe material21.

A straightforward consequence of the conventional SNS junction
configuration (Fig. 1a), in contrast to an edge-mode superconduct-
ing junction (Fig. 1b), can be observed in a superconducting
quantum interference (SQI) measurement, where a perpendicular

magnetic field induces oscillations in the amplitude of the supercon-
ducting current. A wide conventional SNS junction yields the
Fraunhofer pattern, as shown in the bottom panel of Fig. 1a. In the
case of edge-mode superconductivity the junction effectively acts as
a superconducting quantum interference device (SQUID) with a
well-known Φ0-periodic interference pattern (bottom panel of
Fig. 1b). A 2Φ0-periodic SQI is expected for the helical edge modes
in the absence of quasiparticle poisoning (two phases are possible,
as shown by the dashed lines in the bottom panel of Fig. 1b, depend-
ing on whether or not the two edges have the same fermion parity)22.
Quasiparticle poisoning can induce fermion parity switches that
restore the Φ0 periodicity, even for helical modes.

To specify this further, we consider a short Josephson junction
(defined as L≪ ζ, where L is the contact separation and ζ = h− v/Δind
is the superconducting coherence length in the junction material
with Fermi velocity v and induced gap Δind), which has a sinusoidal
current-phase relation. In this case, the Josephson supercurrent
Is(Bz) is given by the Fourier transform of the density profile of
the critical current Jc(x) taken at a perpendicular magnetic field
Bz = 0, Is Bz

( )
= Im ∫∞−∞ Jc(x)e

ikx+f0dx
[ ]

, with the effect of the mag-
netic field included in k = 2πLeffBz/Φ0 (ref. 23), where Leff is the
effective junction length taking into account magnetic flux focusing
due to the Meissner effect. The critical current becomes
Ic(Bz) ≡ max[Is(Bz)] = ∥ ∫∞−∞ Jc(x)e

ikxdx∥. For a wide junction with
spatially uniform Jc(x) = constant, the SQI pattern has the typical
Fraunhofer form, |sin(πLeffWBz/Φ0)/(πLeffWBz/Φ0)|, with a central
lobe of width 2Φ0 and side lobes of width Φ0 (Φ0 = h/2e is the super-
conducting flux quantum) (Fig. 1a). In contrast, for edge-mode
superconductivity, the SQI is simply Φ0-periodic (Fig. 1b). Note
that this analysis does not include effects with a topological
origin, such as when the edge modes have helical character. In
that case the SQI can become 2Φ0-periodic1,2, as illustrated in
Fig. 1b and discussed later in this Letter.

Before investigating the superconducting regime we first describe
the normal state transport in our Ti/Al–InAs/GaSb–Ti/Al junctions
(for details of the device geometry see Fig. 2a,b). We focus on one
device (device A) and map out the normal state resistance RN
when superconductivity is suppressed by Bz = 0.1 T (Fig. 2a). The
junction has width W = 3.9 μm and contact separation L = 400 nm,
significantly shorter than the edge mode decoherence length of
∼2–4 μm (refs 10,16). Transport is gate-tuned using the n+ GaAs
substrate as a back gate, and a Ti/Au top gate. As the top-gate
voltage Vtg is tuned from positive to negative, a resistance peak
develops, indicating a charge neutrality point (CNP)16,24 when the
Fermi energy is located in the topological gap (upper panel in
Fig. 1b). For more positive Vtg the Fermi level is moved up into
the conduction band and the dominant charge carriers are
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Topological superconductivity is an exotic state of matter that
supports Majorana zero-modes, which have been predicted
to occur in the surface states of three-dimensional systems,
in the edge states of two-dimensional systems, and in one-
dimensional wires1,2. Localized Majorana zero-modes obey
non-Abelian exchange statistics, making them interesting
building blocks for topological quantum computing3,4. Here,
we report superconductivity induced in the edge modes of
semiconducting InAs/GaSb quantum wells, a two-dimensional
topological insulator5–10. Using superconducting quantum
interference we demonstrate gate-tuning between edge-domi-
nated and bulk-dominated regimes of superconducting trans-
port. The edge-dominated regime arises only under
conditions of high-bulk resistivity, which we associate with
the two-dimensional topological phase. These experiments
establish InAs/GaSb as a promising platform for the confine-
ment of Majoranas into localized states, enabling future
investigations of non-Abelian statistics.

Several studies have reported on topological superconductivity in
three-dimensional (3D)11 and 1D12–15 materials. In 2D semiconduc-
tor quantum wells a topological insulator (TI) is identified by the
observation of a quantum spin Hall effect5,6. In this phase the 2D
bulk is a gapped insulator and transport only occurs in gapless
edge states. These edge modes are spin-polarized and counter-pro-
pagating channels, known as helical modes, which are protected
against elastic backscattering in the presence of time-reversal sym-
metry. To date, only two 2D TI systems have been identified exper-
imentally—HgTe/HgCdTe quantum wells8 and InAs/GaSb double
quantum wells10,16. In each of these, the origin of the TI phase is
different: relativistic band-bending for HgTe/HgCdTe7 and type-II
broken band alignment for InAs/GaSb9. Recent scanning
microscopy experiments have confirmed the presence of edge cur-
rents in both 2D TIs17,18. The two different material classes are con-
sidered to be interesting complementary alternatives for
topological studies.

Effects arising from proximitizing TIs with superconductors have
been investigated, including excess currents due toAndreev reflection19

and Josephson effects in superconductor–normal–superconductor
(SNS) junctions20. To demonstrate topological superconductivity
(TS), however, it needs to be shown explicitly that superconducting
transport takes place along the helical edges. Here, we demonstrate
edge-mode superconductivity in InAs/GaSb. A similar experiment
was reported recently by Hart et al. in the HgTe material21.

A straightforward consequence of the conventional SNS junction
configuration (Fig. 1a), in contrast to an edge-mode superconduct-
ing junction (Fig. 1b), can be observed in a superconducting
quantum interference (SQI) measurement, where a perpendicular

magnetic field induces oscillations in the amplitude of the supercon-
ducting current. A wide conventional SNS junction yields the
Fraunhofer pattern, as shown in the bottom panel of Fig. 1a. In the
case of edge-mode superconductivity the junction effectively acts as
a superconducting quantum interference device (SQUID) with a
well-known Φ0-periodic interference pattern (bottom panel of
Fig. 1b). A 2Φ0-periodic SQI is expected for the helical edge modes
in the absence of quasiparticle poisoning (two phases are possible,
as shown by the dashed lines in the bottom panel of Fig. 1b, depend-
ing on whether or not the two edges have the same fermion parity)22.
Quasiparticle poisoning can induce fermion parity switches that
restore the Φ0 periodicity, even for helical modes.

To specify this further, we consider a short Josephson junction
(defined as L≪ ζ, where L is the contact separation and ζ = h− v/Δind
is the superconducting coherence length in the junction material
with Fermi velocity v and induced gap Δind), which has a sinusoidal
current-phase relation. In this case, the Josephson supercurrent
Is(Bz) is given by the Fourier transform of the density profile of
the critical current Jc(x) taken at a perpendicular magnetic field
Bz = 0, Is Bz

( )
= Im ∫∞−∞ Jc(x)e

ikx+f0dx
[ ]

, with the effect of the mag-
netic field included in k = 2πLeffBz/Φ0 (ref. 23), where Leff is the
effective junction length taking into account magnetic flux focusing
due to the Meissner effect. The critical current becomes
Ic(Bz) ≡ max[Is(Bz)] = ∥ ∫∞−∞ Jc(x)e

ikxdx∥. For a wide junction with
spatially uniform Jc(x) = constant, the SQI pattern has the typical
Fraunhofer form, |sin(πLeffWBz/Φ0)/(πLeffWBz/Φ0)|, with a central
lobe of width 2Φ0 and side lobes of width Φ0 (Φ0 = h/2e is the super-
conducting flux quantum) (Fig. 1a). In contrast, for edge-mode
superconductivity, the SQI is simply Φ0-periodic (Fig. 1b). Note
that this analysis does not include effects with a topological
origin, such as when the edge modes have helical character. In
that case the SQI can become 2Φ0-periodic1,2, as illustrated in
Fig. 1b and discussed later in this Letter.

Before investigating the superconducting regime we first describe
the normal state transport in our Ti/Al–InAs/GaSb–Ti/Al junctions
(for details of the device geometry see Fig. 2a,b). We focus on one
device (device A) and map out the normal state resistance RN
when superconductivity is suppressed by Bz = 0.1 T (Fig. 2a). The
junction has width W = 3.9 μm and contact separation L = 400 nm,
significantly shorter than the edge mode decoherence length of
∼2–4 μm (refs 10,16). Transport is gate-tuned using the n+ GaAs
substrate as a back gate, and a Ti/Au top gate. As the top-gate
voltage Vtg is tuned from positive to negative, a resistance peak
develops, indicating a charge neutrality point (CNP)16,24 when the
Fermi energy is located in the topological gap (upper panel in
Fig. 1b). For more positive Vtg the Fermi level is moved up into
the conduction band and the dominant charge carriers are
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Edge-mode superconductivity in a
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Topological superconductivity is an exotic state of matter that
supports Majorana zero-modes, which have been predicted
to occur in the surface states of three-dimensional systems,
in the edge states of two-dimensional systems, and in one-
dimensional wires1,2. Localized Majorana zero-modes obey
non-Abelian exchange statistics, making them interesting
building blocks for topological quantum computing3,4. Here,
we report superconductivity induced in the edge modes of
semiconducting InAs/GaSb quantum wells, a two-dimensional
topological insulator5–10. Using superconducting quantum
interference we demonstrate gate-tuning between edge-domi-
nated and bulk-dominated regimes of superconducting trans-
port. The edge-dominated regime arises only under
conditions of high-bulk resistivity, which we associate with
the two-dimensional topological phase. These experiments
establish InAs/GaSb as a promising platform for the confine-
ment of Majoranas into localized states, enabling future
investigations of non-Abelian statistics.

Several studies have reported on topological superconductivity in
three-dimensional (3D)11 and 1D12–15 materials. In 2D semiconduc-
tor quantum wells a topological insulator (TI) is identified by the
observation of a quantum spin Hall effect5,6. In this phase the 2D
bulk is a gapped insulator and transport only occurs in gapless
edge states. These edge modes are spin-polarized and counter-pro-
pagating channels, known as helical modes, which are protected
against elastic backscattering in the presence of time-reversal sym-
metry. To date, only two 2D TI systems have been identified exper-
imentally—HgTe/HgCdTe quantum wells8 and InAs/GaSb double
quantum wells10,16. In each of these, the origin of the TI phase is
different: relativistic band-bending for HgTe/HgCdTe7 and type-II
broken band alignment for InAs/GaSb9. Recent scanning
microscopy experiments have confirmed the presence of edge cur-
rents in both 2D TIs17,18. The two different material classes are con-
sidered to be interesting complementary alternatives for
topological studies.

Effects arising from proximitizing TIs with superconductors have
been investigated, including excess currents due toAndreev reflection19

and Josephson effects in superconductor–normal–superconductor
(SNS) junctions20. To demonstrate topological superconductivity
(TS), however, it needs to be shown explicitly that superconducting
transport takes place along the helical edges. Here, we demonstrate
edge-mode superconductivity in InAs/GaSb. A similar experiment
was reported recently by Hart et al. in the HgTe material21.

A straightforward consequence of the conventional SNS junction
configuration (Fig. 1a), in contrast to an edge-mode superconduct-
ing junction (Fig. 1b), can be observed in a superconducting
quantum interference (SQI) measurement, where a perpendicular

magnetic field induces oscillations in the amplitude of the supercon-
ducting current. A wide conventional SNS junction yields the
Fraunhofer pattern, as shown in the bottom panel of Fig. 1a. In the
case of edge-mode superconductivity the junction effectively acts as
a superconducting quantum interference device (SQUID) with a
well-known Φ0-periodic interference pattern (bottom panel of
Fig. 1b). A 2Φ0-periodic SQI is expected for the helical edge modes
in the absence of quasiparticle poisoning (two phases are possible,
as shown by the dashed lines in the bottom panel of Fig. 1b, depend-
ing on whether or not the two edges have the same fermion parity)22.
Quasiparticle poisoning can induce fermion parity switches that
restore the Φ0 periodicity, even for helical modes.

To specify this further, we consider a short Josephson junction
(defined as L≪ ζ, where L is the contact separation and ζ = h− v/Δind
is the superconducting coherence length in the junction material
with Fermi velocity v and induced gap Δind), which has a sinusoidal
current-phase relation. In this case, the Josephson supercurrent
Is(Bz) is given by the Fourier transform of the density profile of
the critical current Jc(x) taken at a perpendicular magnetic field
Bz = 0, Is Bz

( )
= Im ∫∞−∞ Jc(x)e

ikx+f0dx
[ ]

, with the effect of the mag-
netic field included in k = 2πLeffBz/Φ0 (ref. 23), where Leff is the
effective junction length taking into account magnetic flux focusing
due to the Meissner effect. The critical current becomes
Ic(Bz) ≡ max[Is(Bz)] = ∥ ∫∞−∞ Jc(x)e

ikxdx∥. For a wide junction with
spatially uniform Jc(x) = constant, the SQI pattern has the typical
Fraunhofer form, |sin(πLeffWBz/Φ0)/(πLeffWBz/Φ0)|, with a central
lobe of width 2Φ0 and side lobes of width Φ0 (Φ0 = h/2e is the super-
conducting flux quantum) (Fig. 1a). In contrast, for edge-mode
superconductivity, the SQI is simply Φ0-periodic (Fig. 1b). Note
that this analysis does not include effects with a topological
origin, such as when the edge modes have helical character. In
that case the SQI can become 2Φ0-periodic1,2, as illustrated in
Fig. 1b and discussed later in this Letter.

Before investigating the superconducting regime we first describe
the normal state transport in our Ti/Al–InAs/GaSb–Ti/Al junctions
(for details of the device geometry see Fig. 2a,b). We focus on one
device (device A) and map out the normal state resistance RN
when superconductivity is suppressed by Bz = 0.1 T (Fig. 2a). The
junction has width W = 3.9 μm and contact separation L = 400 nm,
significantly shorter than the edge mode decoherence length of
∼2–4 μm (refs 10,16). Transport is gate-tuned using the n+ GaAs
substrate as a back gate, and a Ti/Au top gate. As the top-gate
voltage Vtg is tuned from positive to negative, a resistance peak
develops, indicating a charge neutrality point (CNP)16,24 when the
Fermi energy is located in the topological gap (upper panel in
Fig. 1b). For more positive Vtg the Fermi level is moved up into
the conduction band and the dominant charge carriers are
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mesoscopic samples, the QHE can be used to identify single layer
devices.

Cooling down the devices below the critical temperature of the
electrodes (Tc < 1.3 K) leads to proximity-induced superconductivity
in the graphene layer. A direct proof of induced superconductivity is
the observation of a Josephson supercurrent20. Figure 2a shows the
current–voltage (I–V) characteristics of a single layer device. The cur-
rent flows without resistance (no voltage drop at finite current) below
the critical current, Ic (what we actually measure is the switching
current; the intrinsic Ic may be higher20,21). In our devices, Ic ranged
from ,10 nA to more than 800 nA (at high VG). Remarkably, we have
measured proximity-induced supercurrents in all the devices that we
tested (17 flakes in total, with several devices on some flakes), includ-
ing four flakes that were unambiguously identified as single layer
graphene via QHE (the rest being probably two to four layers thick).
This clear observation demonstrates the robustness of the Josephson
effect in graphene junctions. (The data shown are representative of the
general behaviour observed; the measurements shown in Figs 1, 2a, c,
d and 3 have been taken on the same device, whereas those in Figs 2b
and 4 correspond to a different single layer device, shown in Fig. 1a.)

To investigate further the superconducting properties of our
devices, we measured the dependence of Ic on magnetic field
(Fig. 2b). The critical current exhibits an oscillatory Fraunhofer-like
pattern, with at least six visible side lobes, which is indicative of a
uniform supercurrent density distribution22. The periodicity of the
oscillations is in the ideal case expected to be equal to a flux quantum
Wo divided by the junction area. The area that corresponds to the
2.5 6 0.5 mT period is 0.8 6 0.2 mm2, which is in good agreement
with the measured device area (0.7 6 0.2 mm2) determined from
the atomic force microscope image. Applying a radio-frequency field
to the sample results in the observation of quantized voltage steps,
known as Shapiro steps, in the I–V characteristics20. The voltage
steps, of amplitude "v/2e (v is the microwave frequency), are a
manifestation of the a.c. Josephson effect, and are evident in
Fig. 2d. The induced superconductivity manifests itself also at finite
bias in the form of subgap structure in the differential resistance due
to multiple Andreev reflections23, as shown in Fig. 2c. This subgap
structure consists of a series of minima at source–drain voltages
V 5 2D/en (n 5 1,2…), which enables us to determine the super-
conducting gap, D. We find D 5 125 meV, as expected for our Ti/Al
bilayers18. For V . 2D/e, the differential resistance returns to the
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the þ’ well is avoided (for positive I). The I-V character-
istic (IVC) of the investigated 0-! JJ at H ¼ 0 measured
at T # 4:2 K shows only one critical current. Therefore
the experiments were performed in a 3He cryostat at T
down to 300 mK where the damping in SIFS JJs reduces
drastically [14]. In the temperature range from 3.5 K down
to 300 mK both Icþ and Ic$ are clearly visible in the IVCs
as shown in Fig. 4.

Earlier [27] we proposed a technique that allows us to
choose which critical current one traces in the IVC, i.e.,
from which well the phase escapes. The control is done by
choosing a proper bias sweep sequence. For example, if the
junction is returning from the positive voltage state, the
potential Uðc Þ is tilted so that the phase slides to the right.
When the tilt becomes small enough, then the phase will be
trapped, presumably in the right þ’ well, cf. Fig. 1(c).
However, this natural assumption is not always true (see
below). Then, if the phase is trapped atþ’, we can sweep
the bias (a) in the positive direction and will observe escape
fromþ’ (to the right) at Icþ or (b) in the negative direction
to observe escape from þ’ (to the left) at $Ic$.

In experiment, at T & 2:3 K, when the damping is very
low, the currents'Icþ and'Ic$ are traced in randomorder.
Recording one IVC after the other, we were able to obtain

IVCs with all 4 possible combinations: (a) ($ Ic$, þIc$),
(b) ($ Ic$, þIcþ), (c) ($ Icþ, þIc$), (d) ($ Icþ, þIcþ).
Choosing a specific sweep sequence as described above
does not make the outcome (Ic$ or Icþ) predictable. We
believe that in this temperature range the damping is so low
that, upon returning from the positive voltage state, the
phase does not simply stop in the þ’ well, but can also
reflect from the barrier and find itself in a $’ well,
cf. Fig. 1(c). The absence of determinism suggests that
most probably we are dealing with a system exhibiting
chaotic dynamics. This issuewill be investigated elsewhere.
Nevertheless, at T ( 2:35 K we managed to achieve deter-
ministic behavior as described above, see Fig. 4.
Another fingerprint of a ’ JJ is its IcðHÞ dependence,

which (a) should have the main cusplike minima shifted off
fromH ¼ 0 point symmetrically with respect to the origin,
see Fig. 4 of Ref. [25] or Fig. 5 discussed later, and (b)
should show up to four branches in total (for both sweep
polarities) at low magnetic field [25]. In essence, the latter
feature results from the escape of the phase from two differ-
ent energy minima in two different directions and is an
extension of the two-critical-currents story to the case of
nonzeromagnetic field. Instead, the feature (a) alone cannot
serve as a proof of a ’ JJ as it is a common feature of every
asymmetric 0-! JJ even if its ground state is 0 or ! [25].
The experimentally obtained 'IcðHÞ dependence at

T ¼ 2:35 K is shown in Fig. 5. First, in the whole tempera-
ture range 0.3–4.2 K we observe the main minima shifted

FIG. 3 (color online). Domain of existence of ’ state. The ?
shows the position of the investigated JJ at T ¼ 2:35 K.

TABLE I. Junction parameters at T ¼ 2:35 K. The values of
jc;0, jc;! and the normalized length L="JðhjcðxÞiÞ are obtained
from the fits.

Parameter 0 part ! part Whole JJ

Physical length 100 #m 100 #m 200 #m
jc;0, jc;!, hjcðxÞi (A=cm2) þ62:9 $47:9 þ7:5
Normalized lengths 0.68 0.68 1.36

FIG. 4 (color online). Current-voltage characteristics showing
lower 'Ic$ and higher 'Icþ critical currents measured at
T ( 2:35 K. At this temperature the behavior is deterministic:
if one sweeps I as $Imax ! þImax ! $Imax one always ob-
serves the critical currents 'Ic$; if one sweeps I as þImax !
0 ! þImax, one always observes þIcþ; finally, if one sweeps I
as $Imax ! 0 ! $Imax, one always observes $Icþ.
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representative points in gate space indicated in Fig. 2c, together with
the current density profiles extracted using the Dynes and Fulton
approach21,23 with Leff = 640 nm. We observe three regimes: (I) a
distinct Fraunhofer-like pattern when the Fermi energy is in the

conduction band. The corresponding current density profile indi-
cates that most of the current is carried by the bulk (Fig. 4a,b);
(II) a SQUID-like interference when the Fermi energy is near the
CNP. In this regime, the supercurrent density is clearly edge-
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Bipolar supercurrent in graphene
Hubert B. Heersche1*, Pablo Jarillo-Herrero1*, Jeroen B. Oostinga1, Lieven M. K. Vandersypen1

& Alberto F. Morpurgo1

Graphene—a recently discovered form of graphite only one
atomic layer thick1—constitutes a new model system in condensed
matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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Graphene—a recently discovered form of graphite only one
atomic layer thick1—constitutes a new model system in condensed
matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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atomic layer thick1—constitutes a new model system in condensed
matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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Graphene—a recently discovered form of graphite only one
atomic layer thick1—constitutes a new model system in condensed
matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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We demonstrate experimentally the existence of Josephson junctions having a doubly degenerate

ground state with an average Josephson phase c ¼ "’. The value of ’ can be chosen by design in the

interval 0<’< !. The junctions used in our experiments are fabricated as 0-! Josephson junctions of

moderate normalized length with asymmetric 0 and ! regions. We show that (a) these ’ Josephson

junctions have two critical currents, corresponding to the escape of the phase c from #’ and þ’ states,

(b) the phase c can be set to a particular state by tuning an external magnetic field, or (c) by using a proper

bias current sweep sequence. The experimental observations are in agreement with previous theoretical

predictions.

DOI: 10.1103/PhysRevLett.109.107002 PACS numbers: 74.50.+r, 85.25.Cp

Josephson junctions (JJs) with a phase shift of ! in the
ground state [1] have attracted a lot of interest in recent
years [2–7]. In particular, these JJs can be used as on-chip
phase batteries for biasing various classical [8] and quan-
tum [9] circuits, allowing for removing external bias lines
and reducing decoherence. Currently, it is possible to
fabricate simultaneously both 0 and ! JJs using various
technologies such as superconductor-ferromagnet hetero-
structures [10–14] or JJs based on d-wave superconductors
[15–18].

It would be remarkable to have a phase battery providing
an arbitrary phase shift ’, rather than just 0 or !. The
simplest idea is to combine 0 and ! JJs to obtain a ’ JJ.
However, this is not as straightforward as it may seem. The
balance between 0 and ! parts is complicated as shown in
the pioneering work [19], where conditions for having a
nontrivial ’-state were derived. Long artificial [20,21] and
natural [22–24] arrays of . . . -0-!-0-!-. . . JJs with short
segments were analyzed in detail and suggested as sys-
tems, where a ’ JJ could be realized. More recently, only
one period of such an array, i.e., one 0-! JJ, was analyzed
in an external magnetic field [25]. In these works, the
Josephson phase "ðxÞ is considered as a sum of a constant
(or slowly varying) phase c and a deviation j#ðxÞj ' 1
from the average phase. Then, for the average phase c one
obtains an effective current-phase relation (CPR) for the
supercurrent [25]

Is ¼ hIci
!
sinðc Þ þ !0

2
sinð2c Þ þ !hh cosðc Þ

"
; (1)

where the averaged value of the critical current hIci ¼
hjciLw. The CPR (1) exactly corresponds to a ’ JJ at
zero normalized magnetic field h ¼ 0, if !0 <#1,

cf. Fig. 1(a). Here L ¼ L0 þ L! is the total length of the
JJ, while L0 and L! are the lengths of 0 and ! parts,
accordingly, w is the width of the JJ.
It is worth noting that the term ‘‘’ JJ,’’ introduced in

Ref. [20], refers to a JJ with a degenerate ground state
phase c ¼ "’. In the particular case of Eq. (1) at h ¼ 0,
one has ’ ¼ arccosð#1=!0Þ. The coefficients !0 and !h

are defined as [26]

!0 ¼ # l20l
2
!

3

ðjc;0 # jc;!Þ2
ðjc;0l0 þ jc;!l!Þ2

; (2a)

!h ¼
l0l!
2

jc;0 # jc;!
jc;0l0 þ jc;!l!

; (2b)

where l0, l! are the lengths normalized to the Josephson
length $JðhjciÞ and jc;0, jc;! are the critical current den-
sities of 0 and ! parts, respectively. Here $J is calculated
using the average value of the critical current hjci ¼
ðL0jc;0 þ L!jc;!Þ=ðL0 þ L!Þ.
The physics of’ JJs with a CPR given by Eq. (1) is quite

unusual [27]. In particular, one should observe two critical
currents [25,27] at h ¼ 0, corresponding to the escape of
the phase from the left (# ’) or the right (þ ’) well of the
double-well Josephson energy potential

Uðc Þ¼ hEJi
!
1#cosðc Þþ!hhsinðc Þþ!0

2
sin2ðc Þ

"
; (3)

where hEJi ¼ "0hIci=ð2!Þ. The critical currents are differ-
ent because the maximum slope [maximum supercurrent in
Fig. 1(a)] on the right-hand side (positive bias) of the #’
well is smaller than the maximum slope [maximum super-
current in Fig. 1(a)] on the right-hand side of theþ’ well,
see Fig. 1(b).
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ground state with an average Josephson phase c ¼ "’. The value of ’ can be chosen by design in the

interval 0<’< !. The junctions used in our experiments are fabricated as 0-! Josephson junctions of

moderate normalized length with asymmetric 0 and ! regions. We show that (a) these ’ Josephson

junctions have two critical currents, corresponding to the escape of the phase c from #’ and þ’ states,

(b) the phase c can be set to a particular state by tuning an external magnetic field, or (c) by using a proper

bias current sweep sequence. The experimental observations are in agreement with previous theoretical

predictions.
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Josephson junctions (JJs) with a phase shift of ! in the
ground state [1] have attracted a lot of interest in recent
years [2–7]. In particular, these JJs can be used as on-chip
phase batteries for biasing various classical [8] and quan-
tum [9] circuits, allowing for removing external bias lines
and reducing decoherence. Currently, it is possible to
fabricate simultaneously both 0 and ! JJs using various
technologies such as superconductor-ferromagnet hetero-
structures [10–14] or JJs based on d-wave superconductors
[15–18].

It would be remarkable to have a phase battery providing
an arbitrary phase shift ’, rather than just 0 or !. The
simplest idea is to combine 0 and ! JJs to obtain a ’ JJ.
However, this is not as straightforward as it may seem. The
balance between 0 and ! parts is complicated as shown in
the pioneering work [19], where conditions for having a
nontrivial ’-state were derived. Long artificial [20,21] and
natural [22–24] arrays of . . . -0-!-0-!-. . . JJs with short
segments were analyzed in detail and suggested as sys-
tems, where a ’ JJ could be realized. More recently, only
one period of such an array, i.e., one 0-! JJ, was analyzed
in an external magnetic field [25]. In these works, the
Josephson phase "ðxÞ is considered as a sum of a constant
(or slowly varying) phase c and a deviation j#ðxÞj ' 1
from the average phase. Then, for the average phase c one
obtains an effective current-phase relation (CPR) for the
supercurrent [25]

Is ¼ hIci
!
sinðc Þ þ !0

2
sinð2c Þ þ !hh cosðc Þ

"
; (1)

where the averaged value of the critical current hIci ¼
hjciLw. The CPR (1) exactly corresponds to a ’ JJ at
zero normalized magnetic field h ¼ 0, if !0 <#1,

cf. Fig. 1(a). Here L ¼ L0 þ L! is the total length of the
JJ, while L0 and L! are the lengths of 0 and ! parts,
accordingly, w is the width of the JJ.
It is worth noting that the term ‘‘’ JJ,’’ introduced in

Ref. [20], refers to a JJ with a degenerate ground state
phase c ¼ "’. In the particular case of Eq. (1) at h ¼ 0,
one has ’ ¼ arccosð#1=!0Þ. The coefficients !0 and !h

are defined as [26]

!0 ¼ # l20l
2
!

3

ðjc;0 # jc;!Þ2
ðjc;0l0 þ jc;!l!Þ2

; (2a)

!h ¼
l0l!
2

jc;0 # jc;!
jc;0l0 þ jc;!l!

; (2b)

where l0, l! are the lengths normalized to the Josephson
length $JðhjciÞ and jc;0, jc;! are the critical current den-
sities of 0 and ! parts, respectively. Here $J is calculated
using the average value of the critical current hjci ¼
ðL0jc;0 þ L!jc;!Þ=ðL0 þ L!Þ.
The physics of’ JJs with a CPR given by Eq. (1) is quite

unusual [27]. In particular, one should observe two critical
currents [25,27] at h ¼ 0, corresponding to the escape of
the phase from the left (# ’) or the right (þ ’) well of the
double-well Josephson energy potential

Uðc Þ¼ hEJi
!
1#cosðc Þþ!hhsinðc Þþ!0

2
sin2ðc Þ

"
; (3)

where hEJi ¼ "0hIci=ð2!Þ. The critical currents are differ-
ent because the maximum slope [maximum supercurrent in
Fig. 1(a)] on the right-hand side (positive bias) of the #’
well is smaller than the maximum slope [maximum super-
current in Fig. 1(a)] on the right-hand side of theþ’ well,
see Fig. 1(b).
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Topological superconductivity is an exotic state of matter that
supports Majorana zero-modes, which have been predicted
to occur in the surface states of three-dimensional systems,
in the edge states of two-dimensional systems, and in one-
dimensional wires1,2. Localized Majorana zero-modes obey
non-Abelian exchange statistics, making them interesting
building blocks for topological quantum computing3,4. Here,
we report superconductivity induced in the edge modes of
semiconducting InAs/GaSb quantum wells, a two-dimensional
topological insulator5–10. Using superconducting quantum
interference we demonstrate gate-tuning between edge-domi-
nated and bulk-dominated regimes of superconducting trans-
port. The edge-dominated regime arises only under
conditions of high-bulk resistivity, which we associate with
the two-dimensional topological phase. These experiments
establish InAs/GaSb as a promising platform for the confine-
ment of Majoranas into localized states, enabling future
investigations of non-Abelian statistics.

Several studies have reported on topological superconductivity in
three-dimensional (3D)11 and 1D12–15 materials. In 2D semiconduc-
tor quantum wells a topological insulator (TI) is identified by the
observation of a quantum spin Hall effect5,6. In this phase the 2D
bulk is a gapped insulator and transport only occurs in gapless
edge states. These edge modes are spin-polarized and counter-pro-
pagating channels, known as helical modes, which are protected
against elastic backscattering in the presence of time-reversal sym-
metry. To date, only two 2D TI systems have been identified exper-
imentally—HgTe/HgCdTe quantum wells8 and InAs/GaSb double
quantum wells10,16. In each of these, the origin of the TI phase is
different: relativistic band-bending for HgTe/HgCdTe7 and type-II
broken band alignment for InAs/GaSb9. Recent scanning
microscopy experiments have confirmed the presence of edge cur-
rents in both 2D TIs17,18. The two different material classes are con-
sidered to be interesting complementary alternatives for
topological studies.

Effects arising from proximitizing TIs with superconductors have
been investigated, including excess currents due toAndreev reflection19

and Josephson effects in superconductor–normal–superconductor
(SNS) junctions20. To demonstrate topological superconductivity
(TS), however, it needs to be shown explicitly that superconducting
transport takes place along the helical edges. Here, we demonstrate
edge-mode superconductivity in InAs/GaSb. A similar experiment
was reported recently by Hart et al. in the HgTe material21.

A straightforward consequence of the conventional SNS junction
configuration (Fig. 1a), in contrast to an edge-mode superconduct-
ing junction (Fig. 1b), can be observed in a superconducting
quantum interference (SQI) measurement, where a perpendicular

magnetic field induces oscillations in the amplitude of the supercon-
ducting current. A wide conventional SNS junction yields the
Fraunhofer pattern, as shown in the bottom panel of Fig. 1a. In the
case of edge-mode superconductivity the junction effectively acts as
a superconducting quantum interference device (SQUID) with a
well-known Φ0-periodic interference pattern (bottom panel of
Fig. 1b). A 2Φ0-periodic SQI is expected for the helical edge modes
in the absence of quasiparticle poisoning (two phases are possible,
as shown by the dashed lines in the bottom panel of Fig. 1b, depend-
ing on whether or not the two edges have the same fermion parity)22.
Quasiparticle poisoning can induce fermion parity switches that
restore the Φ0 periodicity, even for helical modes.

To specify this further, we consider a short Josephson junction
(defined as L≪ ζ, where L is the contact separation and ζ = h− v/Δind
is the superconducting coherence length in the junction material
with Fermi velocity v and induced gap Δind), which has a sinusoidal
current-phase relation. In this case, the Josephson supercurrent
Is(Bz) is given by the Fourier transform of the density profile of
the critical current Jc(x) taken at a perpendicular magnetic field
Bz = 0, Is Bz

( )
= Im ∫∞−∞ Jc(x)e

ikx+f0dx
[ ]

, with the effect of the mag-
netic field included in k = 2πLeffBz/Φ0 (ref. 23), where Leff is the
effective junction length taking into account magnetic flux focusing
due to the Meissner effect. The critical current becomes
Ic(Bz) ≡ max[Is(Bz)] = ∥ ∫∞−∞ Jc(x)e

ikxdx∥. For a wide junction with
spatially uniform Jc(x) = constant, the SQI pattern has the typical
Fraunhofer form, |sin(πLeffWBz/Φ0)/(πLeffWBz/Φ0)|, with a central
lobe of width 2Φ0 and side lobes of width Φ0 (Φ0 = h/2e is the super-
conducting flux quantum) (Fig. 1a). In contrast, for edge-mode
superconductivity, the SQI is simply Φ0-periodic (Fig. 1b). Note
that this analysis does not include effects with a topological
origin, such as when the edge modes have helical character. In
that case the SQI can become 2Φ0-periodic1,2, as illustrated in
Fig. 1b and discussed later in this Letter.

Before investigating the superconducting regime we first describe
the normal state transport in our Ti/Al–InAs/GaSb–Ti/Al junctions
(for details of the device geometry see Fig. 2a,b). We focus on one
device (device A) and map out the normal state resistance RN
when superconductivity is suppressed by Bz = 0.1 T (Fig. 2a). The
junction has width W = 3.9 μm and contact separation L = 400 nm,
significantly shorter than the edge mode decoherence length of
∼2–4 μm (refs 10,16). Transport is gate-tuned using the n+ GaAs
substrate as a back gate, and a Ti/Au top gate. As the top-gate
voltage Vtg is tuned from positive to negative, a resistance peak
develops, indicating a charge neutrality point (CNP)16,24 when the
Fermi energy is located in the topological gap (upper panel in
Fig. 1b). For more positive Vtg the Fermi level is moved up into
the conduction band and the dominant charge carriers are
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microscopy experiments have confirmed the presence of edge cur-
rents in both 2D TIs17,18. The two different material classes are con-
sidered to be interesting complementary alternatives for
topological studies.

Effects arising from proximitizing TIs with superconductors have
been investigated, including excess currents due toAndreev reflection19

and Josephson effects in superconductor–normal–superconductor
(SNS) junctions20. To demonstrate topological superconductivity
(TS), however, it needs to be shown explicitly that superconducting
transport takes place along the helical edges. Here, we demonstrate
edge-mode superconductivity in InAs/GaSb. A similar experiment
was reported recently by Hart et al. in the HgTe material21.

A straightforward consequence of the conventional SNS junction
configuration (Fig. 1a), in contrast to an edge-mode superconduct-
ing junction (Fig. 1b), can be observed in a superconducting
quantum interference (SQI) measurement, where a perpendicular

magnetic field induces oscillations in the amplitude of the supercon-
ducting current. A wide conventional SNS junction yields the
Fraunhofer pattern, as shown in the bottom panel of Fig. 1a. In the
case of edge-mode superconductivity the junction effectively acts as
a superconducting quantum interference device (SQUID) with a
well-known Φ0-periodic interference pattern (bottom panel of
Fig. 1b). A 2Φ0-periodic SQI is expected for the helical edge modes
in the absence of quasiparticle poisoning (two phases are possible,
as shown by the dashed lines in the bottom panel of Fig. 1b, depend-
ing on whether or not the two edges have the same fermion parity)22.
Quasiparticle poisoning can induce fermion parity switches that
restore the Φ0 periodicity, even for helical modes.

To specify this further, we consider a short Josephson junction
(defined as L≪ ζ, where L is the contact separation and ζ = h− v/Δind
is the superconducting coherence length in the junction material
with Fermi velocity v and induced gap Δind), which has a sinusoidal
current-phase relation. In this case, the Josephson supercurrent
Is(Bz) is given by the Fourier transform of the density profile of
the critical current Jc(x) taken at a perpendicular magnetic field
Bz = 0, Is Bz
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, with the effect of the mag-
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effective junction length taking into account magnetic flux focusing
due to the Meissner effect. The critical current becomes
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spatially uniform Jc(x) = constant, the SQI pattern has the typical
Fraunhofer form, |sin(πLeffWBz/Φ0)/(πLeffWBz/Φ0)|, with a central
lobe of width 2Φ0 and side lobes of width Φ0 (Φ0 = h/2e is the super-
conducting flux quantum) (Fig. 1a). In contrast, for edge-mode
superconductivity, the SQI is simply Φ0-periodic (Fig. 1b). Note
that this analysis does not include effects with a topological
origin, such as when the edge modes have helical character. In
that case the SQI can become 2Φ0-periodic1,2, as illustrated in
Fig. 1b and discussed later in this Letter.

Before investigating the superconducting regime we first describe
the normal state transport in our Ti/Al–InAs/GaSb–Ti/Al junctions
(for details of the device geometry see Fig. 2a,b). We focus on one
device (device A) and map out the normal state resistance RN
when superconductivity is suppressed by Bz = 0.1 T (Fig. 2a). The
junction has width W = 3.9 μm and contact separation L = 400 nm,
significantly shorter than the edge mode decoherence length of
∼2–4 μm (refs 10,16). Transport is gate-tuned using the n+ GaAs
substrate as a back gate, and a Ti/Au top gate. As the top-gate
voltage Vtg is tuned from positive to negative, a resistance peak
develops, indicating a charge neutrality point (CNP)16,24 when the
Fermi energy is located in the topological gap (upper panel in
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the conduction band and the dominant charge carriers are
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different: relativistic band-bending for HgTe/HgCdTe7 and type-II
broken band alignment for InAs/GaSb9. Recent scanning
microscopy experiments have confirmed the presence of edge cur-
rents in both 2D TIs17,18. The two different material classes are con-
sidered to be interesting complementary alternatives for
topological studies.

Effects arising from proximitizing TIs with superconductors have
been investigated, including excess currents due toAndreev reflection19

and Josephson effects in superconductor–normal–superconductor
(SNS) junctions20. To demonstrate topological superconductivity
(TS), however, it needs to be shown explicitly that superconducting
transport takes place along the helical edges. Here, we demonstrate
edge-mode superconductivity in InAs/GaSb. A similar experiment
was reported recently by Hart et al. in the HgTe material21.

A straightforward consequence of the conventional SNS junction
configuration (Fig. 1a), in contrast to an edge-mode superconduct-
ing junction (Fig. 1b), can be observed in a superconducting
quantum interference (SQI) measurement, where a perpendicular

magnetic field induces oscillations in the amplitude of the supercon-
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as shown by the dashed lines in the bottom panel of Fig. 1b, depend-
ing on whether or not the two edges have the same fermion parity)22.
Quasiparticle poisoning can induce fermion parity switches that
restore the Φ0 periodicity, even for helical modes.
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with Fermi velocity v and induced gap Δind), which has a sinusoidal
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that case the SQI can become 2Φ0-periodic1,2, as illustrated in
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Before investigating the superconducting regime we first describe
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mesoscopic samples, the QHE can be used to identify single layer
devices.

Cooling down the devices below the critical temperature of the
electrodes (Tc < 1.3 K) leads to proximity-induced superconductivity
in the graphene layer. A direct proof of induced superconductivity is
the observation of a Josephson supercurrent20. Figure 2a shows the
current–voltage (I–V) characteristics of a single layer device. The cur-
rent flows without resistance (no voltage drop at finite current) below
the critical current, Ic (what we actually measure is the switching
current; the intrinsic Ic may be higher20,21). In our devices, Ic ranged
from ,10 nA to more than 800 nA (at high VG). Remarkably, we have
measured proximity-induced supercurrents in all the devices that we
tested (17 flakes in total, with several devices on some flakes), includ-
ing four flakes that were unambiguously identified as single layer
graphene via QHE (the rest being probably two to four layers thick).
This clear observation demonstrates the robustness of the Josephson
effect in graphene junctions. (The data shown are representative of the
general behaviour observed; the measurements shown in Figs 1, 2a, c,
d and 3 have been taken on the same device, whereas those in Figs 2b
and 4 correspond to a different single layer device, shown in Fig. 1a.)

To investigate further the superconducting properties of our
devices, we measured the dependence of Ic on magnetic field
(Fig. 2b). The critical current exhibits an oscillatory Fraunhofer-like
pattern, with at least six visible side lobes, which is indicative of a
uniform supercurrent density distribution22. The periodicity of the
oscillations is in the ideal case expected to be equal to a flux quantum
Wo divided by the junction area. The area that corresponds to the
2.5 6 0.5 mT period is 0.8 6 0.2 mm2, which is in good agreement
with the measured device area (0.7 6 0.2 mm2) determined from
the atomic force microscope image. Applying a radio-frequency field
to the sample results in the observation of quantized voltage steps,
known as Shapiro steps, in the I–V characteristics20. The voltage
steps, of amplitude "v/2e (v is the microwave frequency), are a
manifestation of the a.c. Josephson effect, and are evident in
Fig. 2d. The induced superconductivity manifests itself also at finite
bias in the form of subgap structure in the differential resistance due
to multiple Andreev reflections23, as shown in Fig. 2c. This subgap
structure consists of a series of minima at source–drain voltages
V 5 2D/en (n 5 1,2…), which enables us to determine the super-
conducting gap, D. We find D 5 125 meV, as expected for our Ti/Al
bilayers18. For V . 2D/e, the differential resistance returns to the
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representative points in gate space indicated in Fig. 2c, together with
the current density profiles extracted using the Dynes and Fulton
approach21,23 with Leff = 640 nm. We observe three regimes: (I) a
distinct Fraunhofer-like pattern when the Fermi energy is in the

conduction band. The corresponding current density profile indi-
cates that most of the current is carried by the bulk (Fig. 4a,b);
(II) a SQUID-like interference when the Fermi energy is near the
CNP. In this regime, the supercurrent density is clearly edge-
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Graphene—a recently discovered form of graphite only one
atomic layer thick1—constitutes a new model system in condensed
matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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atomic layer thick1—constitutes a new model system in condensed
matter physics, because it is the first material in which charge
carriers behave as massless chiral relativistic particles. The anom-
alous quantization of the Hall conductance2,3, which is now under-
stood theoretically4,5, is one of the experimental signatures of the
peculiar transport properties of relativistic electrons in graphene.
Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.

Owing to the Josephson effect14,16, a supercurrent can flow through
a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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Other unusual phenomena, like the finite conductivity of order
4e2/h (where e is the electron charge and h is Planck’s constant) at
the charge neutrality (or Dirac) point2, have come as a surprise and
remain to be explained5–13. Here we experimentally study the
Josephson effect14 in mesoscopic junctions consisting of a gra-
phene layer contacted by two closely spaced superconducting
electrodes15. The charge density in the graphene layer can be con-
trolled by means of a gate electrode. We observe a supercurrent
that, depending on the gate voltage, is carried by either electrons in
the conduction band or by holes in the valence band. More impor-
tantly, we find that not only the normal state conductance of
graphene is finite, but also a finite supercurrent can flow at zero
charge density. Our observations shed light on the special role of
time reversal symmetry in graphene, and demonstrate phase
coherent electronic transport at the Dirac point.
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a normal conductor placed between two closely spaced supercon-
ducting electrodes. For this to happen, transport in the normal con-
ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.

Single- and few-layer graphene Josephson junctions are fabricated
on oxidized Si substrates by mechanical exfoliation of bulk graphite1,
followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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graphene is finite, but also a finite supercurrent can flow at zero
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ductor must be phase coherent and time reversal symmetry (TRS)
must be present. In graphene, the Josephson effect can be investigated
in the ‘relativistic’ regime15, where the supercurrent is carried by
Dirac electrons. However, it is not clear a priori that graphene can
support supercurrents, because other quantum interference phe-
nomena that require both phase coherence and TRS were found to
be absent or strongly suppressed in previous experiments17. Below we
show experimentally that the Josephson effect in graphene is a robust
phenomenon, and argue that its robustness is intimately linked to
graphene’s unique electronic structure.
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followed by optical microscope inspection to locate the thinnest
graphitic flakes, and electron beam lithography to define electrical
contacts. Figure 1a shows an atomic force microscope image of a
typical device. We use as superconducting contacts a Ti/Al bilayer
(10/70 nm). Titanium ensures good electrical contact to graphene,
and Al establishes a sufficiently high critical temperature to enable the
observation of supercurrents in a dilution refrigeration set-up18.
Before discussing their superconducting properties, we first char-
acterize the devices with the superconducting electrodes in the nor-
mal state. Figure 1c shows the two-terminal resistance, R, versus gate
voltage, VG, for one of our samples. The strong VG-dependence of R
provides a first indication that the device consists of at most a few
layers of graphene1, since, owing to screening, VG affects the carrier

density only in the bottom one or two layers. For single layers, the
position of the resistance maximum corresponds to the gate voltage
at which the Fermi energy is located at the Dirac point, VD, and we
typically find that jVDj, 20 V. We unambiguously determine the
single layer character of a device by quantum Hall effect (QHE)
measurements. Because the superconducting proximity effect
requires two closely spaced electrodes, we can only perform magne-
toconductance measurements in a two terminal configuration. In
general, the conductance, G, measured in this way is a mixture of
longitudinal and Hall signals, but at high fields G < jGHallj (this
approximation is exact at the Hall plateaus19). Indeed, the measure-
ment of G versus VG at B 5 10 T shows clearly identifiable Hall pla-
teaus at half-integer multiples of 4e2/h (Fig. 1d), characteristic of the
QHE in single layer graphene2,3. This demonstrates that, even in

*These authors contributed equally to this work.

1Kavli Institute of Nanoscience, Delft University of Technology, PO Box 5046, 2600 GA, Delft, The Netherlands.
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Figure 1 | Sample characterization. a, Atomic force microscope image of a
single layer graphene device between two superconducting electrodes. We
have fabricated devices with electrode separations in the range 100–500 nm.
b, Schematic representation of graphene between superconducting
electrodes. The two electrons in a Cooper pair entering graphene go into
different K-valleys, represented by the red and blue cones (see text). c, Two-
terminal resistance versus gate voltage, VG, at T 5 30 mK and a small
magnetic field, B 5 35 mT, to drive the electrodes into the normal state.
The aperiodic conductance fluctuations are due to random quantum
interference of electron waves (see also Fig. 4). d, Two terminal conductance,
G, versus VG at high magnetic field, B 5 10 T, and T 5 100 mK, showing a
series of steps at half-integer values of 4e2/h, characteristic of the anomalous
QHE in single layer graphene.
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Macroscopic quantum tunnelingcomparable statistics using this measure would require long-term residence by
several ficldworkers in many separate villages (24).

36. In each of the four age categorics, the unokais were characterized by both more
children and more wives than non-unokais. For Table 2, all age categorics yiclded
chi-square values statistically significant at at lcast the 0.05 level. For Table 3 the
chi-square values were not statistically significant for age categories 25 to 30 and 31
to 40 but were at the 0.05 level for the other two age categories. For both Tables 2
and 3, the pooled data (totals) were significant (P < 0.00001). In both tables the
diffcrences between expected and observed valucs were in the same direction for all
age categories and pooled.

37. R. Spielman, thesis, University ofMichigan, Ann Arbor (1971); R. Spielman etal.,
Am. J. Phys. Anthropol. 37, 345 (1972); R. Spielman,Am. Nat. 107, 694 (1973).
During the anthropometric field studies the biomedical personnel, unfamiliar with
the life histories of the individuals, informally attempted to guess whether or not
particular men being measured were among the waiteri (fierce ones), were political
leaders, or were otherwise prominent in the group; comparison oftheir predictions
against my life history data on these same individuals showed uniformly poor
results.

38. Many U.S. congressmen are and traditionally have been reserve officers in the U.S.
Army [E. Hoebel, in War. The Antbropology ofAnmed Conflict andAggression, M.

Fried, R. Murphy, M. Harris, Eds. (Natural History Press, Garden City, NY,
1968), pp. 208-210].

39. L. Betzig, Dspotim and Differential Reproduction: A Darwinian View ofHisty
(Aldine, New York, 1986).

40. C. Levi-Strauss, in an artide on "chieftainship" in a South American tribal society,
the Nambikwara ofBrazil [Trans. N.Y. Acad. Sai. 7, 16 (1944)], argued that tribal
communities might profitably be viewed as dusters of people who form around
prominent men whose only compensation for the onerous tasks of leadership was
the concession the group made to the leaders in the form of multiple wives.

41. Ironically, this man was married polyandrously. His duties as a practical nurse did
not allow him time to garden so he had to compromise and share his wife with
another man who had a garden.

42. Field research was sponsored by NSF and the Harry Frank Guggenheim Founda-
tion and data analysis by the Harry Frank Guggenheim Foundation. I would like to
thank R. Alexander, R. Axcelrod, D. Brown, R. Cameiro, R. Hames, M. Daly, T.
Harding, M. Harrell, W. Irons, M. Meggitt, S. Plattner, D. Symons, R. ThornhiUl,
and P. Van den Berghe, for critical comments on this manuscript. I thank M. de la
Luz Ibarra and E. Kargard for assistance with library research, manuscript
preparation, graphics, and computer analyses. I thank A. Spaulding for assistance
on the statistical tests.

Quantum Mechanics of a Macroscopic Variable:
The Phase Difference of a Josephson Junction

JOHN CLARKE, ANDREW N. CLELAND, MICHEL H. DEVORET, DANIEL ESTEVE,
JOHN M. MARTINIS

Experiments to inves ate the quantum behavior of a
macroscopic degree of freedom, namely the phase differ-
ence across a Josephson tunnel junction, are described.
The experiments involve measurements ofthe escape rate
of the junction from its zero voltage state. Low tempera-
ture measurements of the escape rate for junctions that
are either nearly undamped or moderately damped agree
very dosely with predictions for macroscopic quantum
tunneling, with no adjustable parameters. Microwave
spectroscopy reveals quantized energy levels in the poten-
tial well of the junction in excellent agreement with
quantum-mechanical calculations. The system can be re-
garded as a "macroscopic nudeus with wires."

A RE MACROSCOPIC DEGREES OF FREEDOM GOVERNED BY
^ quantum mechanics? Our everyday experience tells us that a

dassical description appears to be entirely adequate. The
trajectory of the center of mass of a billiard ball is predicted
wonderfully well by classical mechanics. Even the Brownian motion
of a tiny speck of dust in a drop of water is a purely dassical
phenomenon. Until recently, quantum mechanics manifested itself
at the macroscopic level only through such collective phenomena as
superconductivity, flux quantization, or the Josephson effect. How-
ever, these "macroscopic" effects actually arise from the coherent
superposition of a large number of microscopic variables each
governed by quantum mechanics. Thus, for example, the current
through a Josephson tunnel junction and the phase difference across
it are normally treated as classical variables. As Leggett (1) has
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emphasized, one must distinguish carefully between macroscopic
quantum phenomena originating in the superposition of a large
number of microscopic variables and those displayed by a single
macroscopic degree offreedom. It is the latter that we discuss in this
article.
Our usual observations on a billiard ball or Brownian particle

reveal classical behavior because Planck's constant A is so tiny.
However, at least in principle there is nothing to prevent us from
designing an experiment in which these objects are quantum
mechanical. To do so we have to satisfy two criteria: (i) the thermal
energy must be small compared with the separation ofthe quantized
energy levels, and (ii) the macroscopic degree of freedom must be
sufficiently decoupled from all other degrees of freedom if the
lifetime of the quantum states is to be longer than the characteristic
time scale of the system (1). To illustrate the application of these
criteria, following Leggett (1) we consider a simple harmonic
oscillator consisting of an inductor L connected in parallel with a
capacitor C. The flux D in the inductor and charge q on the capacitor
are macroscopic conjugate variables. Observations on the oscillator
are made by means of leads that unavoidably couple it to the
environment. The dissipation so introduced is represented by a
resistorR in parallel with L and C. The natural angular frequency of
oscillation is wo = (LC)-1/2, the impedance at the resonance fre-
quency is Zo = (L/C)1/2, and the quality factor (ratio of stored
energy to energy dissipated in one oscillation) isQ = woCR = R/Zo.
To observe quantum effects we thus require (i) hwo >> kBT, where

J. Clarkc and A. N. Cleland are in the Department of Physics, University of California,
and the Mateials and Chemical Sciences Division, Lawrence Berkeley Laboratory,
Berkeley, CA 94720. Durng the time these expernments were performed M. H.
Devoret and J. M. Martinis were at the same address; they and D. Esteve are currently at
Service de Physique, Centre d'tudes Nuclaires dc Saclay, 91191 Gif-sur-Yvette
Cedex, France.
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Experiments to inves ate the quantum behavior of a
macroscopic degree of freedom, namely the phase differ-
ence across a Josephson tunnel junction, are described.
The experiments involve measurements ofthe escape rate
of the junction from its zero voltage state. Low tempera-
ture measurements of the escape rate for junctions that
are either nearly undamped or moderately damped agree
very dosely with predictions for macroscopic quantum
tunneling, with no adjustable parameters. Microwave
spectroscopy reveals quantized energy levels in the poten-
tial well of the junction in excellent agreement with
quantum-mechanical calculations. The system can be re-
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dassical description appears to be entirely adequate. The
trajectory of the center of mass of a billiard ball is predicted
wonderfully well by classical mechanics. Even the Brownian motion
of a tiny speck of dust in a drop of water is a purely dassical
phenomenon. Until recently, quantum mechanics manifested itself
at the macroscopic level only through such collective phenomena as
superconductivity, flux quantization, or the Josephson effect. How-
ever, these "macroscopic" effects actually arise from the coherent
superposition of a large number of microscopic variables each
governed by quantum mechanics. Thus, for example, the current
through a Josephson tunnel junction and the phase difference across
it are normally treated as classical variables. As Leggett (1) has
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emphasized, one must distinguish carefully between macroscopic
quantum phenomena originating in the superposition of a large
number of microscopic variables and those displayed by a single
macroscopic degree offreedom. It is the latter that we discuss in this
article.
Our usual observations on a billiard ball or Brownian particle

reveal classical behavior because Planck's constant A is so tiny.
However, at least in principle there is nothing to prevent us from
designing an experiment in which these objects are quantum
mechanical. To do so we have to satisfy two criteria: (i) the thermal
energy must be small compared with the separation ofthe quantized
energy levels, and (ii) the macroscopic degree of freedom must be
sufficiently decoupled from all other degrees of freedom if the
lifetime of the quantum states is to be longer than the characteristic
time scale of the system (1). To illustrate the application of these
criteria, following Leggett (1) we consider a simple harmonic
oscillator consisting of an inductor L connected in parallel with a
capacitor C. The flux D in the inductor and charge q on the capacitor
are macroscopic conjugate variables. Observations on the oscillator
are made by means of leads that unavoidably couple it to the
environment. The dissipation so introduced is represented by a
resistorR in parallel with L and C. The natural angular frequency of
oscillation is wo = (LC)-1/2, the impedance at the resonance fre-
quency is Zo = (L/C)1/2, and the quality factor (ratio of stored
energy to energy dissipated in one oscillation) isQ = woCR = R/Zo.
To observe quantum effects we thus require (i) hwo >> kBT, where
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Fig. 1. (a) Schematic a
representation and (b)
circuit description of
Josephson tunnel junc-
tion.

b

cI

T is the temperature of the system, and (ii) R >> Zo. To give a
numerical example, we assume that we are willing to cool our system
to 10 mK, and that the leads coupled to the junction have a
characteristic impedance Zc of 50 ohms. To ensure the oscillator is
comfortably in the quantum limit we impose the constraints
wo > lOkBT/i and Zc > 10 Zo, and find wo/21r > 2 GHz, L < 350
pH, and C < 15 pF. Thus, for this system one can hope to challenge
the smallness of h.
Even though we have been rather conservative in our constraints,

we see that the required components are "off the shelf." Thus, it
seems straightforward to construct a macroscopic oscillator exhibit-
ing quantum behavior. Unfortunately, it is not nearly so straightfor-
ward to demonstrate that the oscillator is behaving quantum
mechanically. For example, transitions between adjacent energy
levels would always involve quanta of frequency wo, which is of
course precisely the frequency one observes classically: the simple
harmonic oscillator is in the correspondence limit (2) for all
quantum numbers. Alternatively, one could attempt to observe the
zero-point motion ofthe ground state, a clear signature ofquantum
behavior. This is, however, an extremely difficult experiment requir-
ing a quantum-limited amplifier.

Fortunately, one can "evade the correspondence limit" by using a
Josephson tunnel junction (3). The macroscopic degree offreedom
is the difference 8 between the phases of the condensates of Cooper
pairs in the superconductors on either side of the tunnel barrier. As
we shall see later, in the classical limit the junction behaves as a
nonlinear inductor shunted by a capacitor. The anharmonicity ofthe
oscillator resulting from the nonlinearity has two important conse-
quences enabling us to observe the quantum behavior of a macro-
scopic variable. First, one can demonstrate the existence of a wave
packet associated with 8 by observing the decay ofthe ground state
by "macroscopic quantum tunneling." Second, the separation of
adjacent energy levels decreases with increasing quantum number so
that one can demonstrate energy quantization spectroscopically.

Dynamics of a Josephson Junction
A Josephson tunnel junction (Fig. la) consists of two supercon-

ductors separated by a thin insulating barrier (3). Cooper pairs, that
is, electrons of equal and opposite momenta and having paired
spins, can tunnel through the barrier with no voltage drop; this flow
of pairs constitutes a supercurrent. One can pass a static supercur-
rent through the junction up to a maximum value Io, known as the
critical current. The junction (Fig. lb) has a self-capacitance C and is
shunted by a resistance R that often arises from external circuitry, as
we shall see later. When the external current I is increased from zero
the phase difference across the junction is given by the Josephson
current-phase relation I = Iosinb; when I exceeds Io, a voltage is
developed across the junction and 8 evolves with time according to
the Josephson voltage-frequency relation t = 2rV/AFo, where
¢0 = hW2e is the flux quantum. If we set the sum of the current
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flowing through the three elements of the junction in Fig. lb equal
to I and eliminate terms in V in favor oft, we arrive at the following
dassical equation of motion for the phase difference:

(02) R (Do2 U(b) j)(Do (1)

The term IN(t) represents the Nyquist current noise generated by
the resistor R at temperature T, and (3)

U(b) = - (Io4ko2ir)[cos8 + (I/Io)5] (2)

One achieves great insight into the dynamics of the junction by
realizing that Eq. 1 is identical to the dassical equation ofmotion of
the coordinate 8 of a particle with mass C((IO/2ir)2 moving in the
tilted washboard potential U(8) shown in Fig. 2. The average slope
of the washboard is proportional to -I/Io. For I < Io the potential
has relative minima, and the particle can be trapped in one of them
(Fig. 2a). However, although the average value (8) and hence the
time-averaged voltage V across the junction are zero in this state, it
is important to realize that the particle is not stationary, but rather
that it oscillates at the bottom of the well at the so-called plasma
frequency (3)

(p = (2rTIo/koC)"2[1 - (I/Io)2]1/4 (3)
If we increase the bias current, eventually the particle will escape
from the well and propagate down the washboard (Fig. 2b); in this
state both 8 and V are nonzero.
The exact correspondence between the motion of the particle and

the dynamics of 8 is very useful, since it provides a heuristic model
with which one can understand the dynamics ofthe junction. As it is
more straightforward to discuss the behavior of this fictitious
partide than the motion of 8, we shall do so freely in the remainder
of this article, which is concerned with the processes by which the
partide escapes from the well (that is, the junction makes a
transition from the zero-voltage state to the nonzero-voltage state).
To aid this discussion, in Fig. 2, c and d, we show a single potential
well. In the experiments to be described I is very close to Io and the
potential is of the form AB2 - BB3 (A, B > 0). In this approxima-
tion the barrier height is (4)

AU = [2(2)1/2Io4Do/3ir](I - I/1o)3/2 (4)
The damping of the oscillations by the resistance R (assumed to be
linear) is represented by

Q=wpRC (5)
In this classical description, the particle can escape from the well

as a result of thermal activation: the fluctuating thermal energy of
the particle eventually exceeds AU and the particle escapes over the
top ofthe barrier. The escape rate for thermal activation is given by
the Kramers' result (5)

Ft(T) = at(wp/2'n)exp(-AU/kBT) (6)

where the prefactor at is of order unity (6). The thermal energy of
the particle arises from the noise current IN(t).

In thermal activation, the system is entirely classical and is
described by a dassical equation of motion representing a point
partide with a continuous range of energy (Fig. 2c). The phase
difference 8 is a classical variable. Ifwe lower the temperature, Eq. 1
is no longer valid since the dynamics of the particle must be
described quantum mechanically. The crossover from the dassical to
the quantum mechanical description occurs at a temperature (7)
T, = hW/27rkB (for Q >> 1). Below this temperature, the phase
difference 8 must be represented by a quantum mechanical operator,
rather than treated as a dassical variable. The position ofthe particle
is now described by a wave packet, *(b), and the energy of the
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Fig. 2. Tilted wash-
board analog of Jo-
sephson tunnel junc-
tion: (a) stationary
state (V =O) for
I<1Io, and (b) run-
ning state (V # 0) for
I > Io. In the station-
ary state in the classical
regime (c) the particle
is point-like with a
continuous energy
range, whereas in (d)
the ground state I0(8)
of the partick is de-
scribed by a wave
packet and the energy
is quantized into levels.

particle can assume only discrete values corresponding to eigenstates
of the system (Fig. 2d). The leakage of 4(8) under the barrier
enables the particle to escape from the well by macroscopic quantum
tunneling (MQT) through the barrier (1, 8, 9).
We now emphasize the distinction between Josephson tunneling

and macroscopic quantum tunneling. In Josephson tunneling the
passage of each Cooper pair is controlled by the difference 8 in the
phase ofthe pair across the barrier. Since the condensate in any piece
of superconductor is characterized by a single phase, the phase
difference 8 for all pairs must be the same. Thus, 8 is "macroscopic"
in the sense that it is the single variable that completely specifies the
state ofthe junction, that is, of all the Cooper pairs. In the process of
macroscopic quantum tunneling it is the particle associated with the
phase difference 8 that tunnels as opposed to the tunneling of
individual Cooper pairs that occurs in Josephson tunneling. Thus,
the demonstration that MQT takes place implies that 8 is a quantum
variable, that is, that one must represent it by a wave packet. By
contrast, although 8 represents the phase difference between two
macroscopic quantum states, in the majority of experiments on
Josephson tunneling it is nonetheless a classical variable, describable
by purely dassical equations.
The first calculation of the tunneling rate was made by Ivan-

chenko and Zil'berman (8) for a junction at T = 0 with no
dissipation. A major step forward was made by Caldeira and Leggett
(9) who calculated the reduction in the tunneling rate when a linear
damping resistor was connected across the junction. To first order in
1/Q at T = 0 they predicted the escape rate to be

Fq(O) = (20f )] 2 exp[- 7.2 ( )

(7)
The reduction of Fq(O) by dissipation arises from a narrowing ofthe
wave packet. In the limit Q --+ 0, Fq(O) reduces to the Wentzel-
Kramer-Brillouin (WKB) result (2) obtained by Ivanchenko and
Zil'berman (8). Subsequently, many other theoretical papers have
appeared; the reviews listed in (10) give a comprehensive summary.
The theory has been extended to nonzero temperatures (7, 11-16):
when T - Tcr, both MQT and thermal activation contribute to the
escape process. There is also a large body of literature (10) con-
cerned with a related system, namely, a superconducting loop
interrupted by a single Josephson junction, which exhibits similar
behavior to that described above.

Detailed measurements of thermal escape in the classical regime
T >» Tcr were made by Jackel et al. (17) and Fulton and Dunkle-
berger (4) on a junction in a superconducting loop and on a current-
biased junction, respectively. The first attempts to measure MQT

were made by Ouboter and co-workers (18), Voss and Webb (19),
and Jackel et al. (20). The results ofthese experiments and of several
others (21-23) agreed qualitatively with theory in that the escape
rate tended to become constant as the temperature was lowered and
tended to be reduced as the dissipation was increased. In these
experiments, a persistent difficulty has been the lack ofknowledge of
the junction parameters in the relevant microwave frequency range.
However, Schwartz et al. (24) performed experiments on a loop
containing a junction shunted with an external resistor and made
separate measurements of the relevant parameters. In the over-
damped limit (Q << 1) of their experiment, a recent reanalysis of
their results shows them to be in quite good agreement with theory
(25).

In the present work, we used classical phenomena to measure the
parameters Io, C, and R in situ, so that we are able to compare
experiment and theory in the quantum regime with no adjustable
parameters (26). A further important consideration is the elimina-
tion of spurious noise from the junction. We address both issues in
the next two sections.

Experimnental Details
We deposited tunnel junctions on 10 by 10 mm2 oxidized silicon

chips using standard photolithographic processing. The base elec-
trode consisted of a niobium film typically 10 p.m wide and 0.2 ,um
thick; after oxidizing the film we deposited a PbIn counterelectrode
at right angles to it. The junction was attached to a mount in thermal
contact with the mixing chamber ofa dilution refrigerator capable of
reaching about 20 mK (Fig. 3).
A series of low-pass filters eliminated thermal noise from the

measuring apparatus and spurious signals such as those from radio
stations, while allowing us to interrogate the junction at low
frequencies. These filters were of two kinds: radio-frequency filters
consisting ofresistors or inductors and capacitors, and custom-made
microwave filters. The microwave filters consisted of a spiral of
insulated wire inside a copper tube filled with copper powder with a
grain size of about 30 ,um. Since each grain is insulated from its
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We have identified anomalous behavior of the escape rate out of the zero-voltage state in Josephson junctions
with a high critical current density Jc. For this study we have employed YBa2Cu3O7-x grain boundary junctions,
which span a wide range of Jc and have appropriate electrodynamical parameters. Such high Jc junctions,
when hysteretic, do not switch from the superconducting to the normal state following the expected stochastic
Josephson distribution, despite having standard Josephson properties such as a Fraunhofer magnetic field pattern.
The switching current distributions (SCDs) are consistent with nonequilibrium dynamics taking place on a local
rather than a global scale. This means that macroscopic quantum phenomena seem to be practically unattainable
for high Jc junctions. We argue that SCDs are an accurate means to measure nonequilibrium effects. This
transition from global to local dynamics is of relevance for all kinds of weak links, including the emergent family
of nanohybrid Josephson junctions. Therefore caution should be applied in the use of such junctions in, for
instance, the search for Majorana fermions.
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I. INTRODUCTION

Rich physics, such as the Josephson effect [1], quantum
coherence [2,3], and quantum interference [4], arise when
two coherent quantum systems are weakly coupled. Some
examples of systems that exhibit such physics are supercon-
ducting Josephson junctions [5], the flow of superfluid 4He
through an array of nanoapertures [6], and the observation
of the Josephson effect in Bose-Einstein condensates [7].
Superconductors have traditionally held a special place as
test-bench systems for these kinds of quantum phenomena due
to the ease of scaling and integrating them into real quantum
devices, offering a high degree of measurability and control of
a macroscopic wave function.

Every experiment or application using a superconducting
weak link is based on how the phase difference ϕ between
the electrodes evolves in time and space [1,2,5,8]. The large
variety of barriers now available between the superconducting
electrodes offer novel functionalities and efficient tuning
of physical processes occurring at the nanoscale and at
different interfaces [9–13]. A recent example is the proposal
to use the Josephson effect for the detection of the Majorana
fermions [14].

Progress in material science in producing a larger variety
of interfaces and in nanotechnologies applied to supercon-
ductivity is promoting a rethinking of the phase dynamics
of Josephson junctions (JJs). Here we give evidence of a
breakdown of a fundamental tenet of the Josephson effect:
the transition from the superconducting to the normal state
does not follow the expected stochastic Josephson phase
dynamics, but has a more intriguing balance between local

*dmassarotti@na.infn.it

and global energy processes. The onset of nonequilibrium
effects is the key to describe the local processes, which may
radically change perspectives on how to interpret the physics
and make predictions on the performances of a large variety
of “smart” Josephson devices. We measure switching current
distributions (SCDs) which codify the very general process
of the escape of a particle (phase) from a potential well in a
JJ [2,5], keeping track in our case of nonequilibrium effects.
Roughly speaking, SCDs are obtained in JJs with hysteretic
current-voltage (I -V ) characteristics by counting the number
of times the system switches from the superconducting to
the resistive state within a small window of bias current,
when ramping forth and back the bias current. Thermally
activated processes are well understood in JJs both in the
underdamped [15–17] and in the moderately damped [18]
regime. The transition to the macroscopic quantum tunneling
regime has been theoretically [19–21] and experimentally
[22–24] widely investigated. SCD measurements focus on
“the very moment” at which resistance originates in super-
conducting weak links. Thus we use the power of encoding
information of nonequilibrium local processes in fluctuations
to characterize these dynamical processes.

In the resistively and capacitively shunted junction (RCSJ)
model [5], the damping parameter Q = ωpRC is proportional
to the square root of Ic via the plasma frequency ωp =
(2eIc/!C)1/2 at zero bias current, where R and C are the
resistance and capacitance, respectively. In a more general
approach, Q has a frequency dependence [18,25], which
includes the effects of the external shunting impedance. A
junction cannot sustain an unlimited increase in the critical
current Ic and thus in the quality factor Q through larger critical
current density Jc while still preserving all the properties of
the Josephson effect and all the features of the underdamped
regime in the I -V curves.

1098-0121/2015/92(5)/054501(7) 054501-1 ©2015 American Physical Society

JCT C

Moderately damped
YBCO JJ

High Jc JJ

Moderately 
damped NbN JJ

T*

Switching dynamics in high Jc JJs

Sample Ic (μA) W (μm) Jc (A/cm2)

JCT	C 50 0.2 105



• Distinctive switching phenomena
• Local heating processes drive the transition 

to the resistive state

PHYSICAL REVIEW B 92, 054501 (2015)

Breakdown of the escape dynamics in Josephson junctions

D. Massarotti,1,2,* D. Stornaiuolo,1,2 P. Lucignano,2 L. Galletti,1,2 D. Born,3 G. Rotoli,4 F. Lombardi,5 L. Longobardi,4,6

A. Tagliacozzo,1,2 and F. Tafuri2,4
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I. INTRODUCTION

Rich physics, such as the Josephson effect [1], quantum
coherence [2,3], and quantum interference [4], arise when
two coherent quantum systems are weakly coupled. Some
examples of systems that exhibit such physics are supercon-
ducting Josephson junctions [5], the flow of superfluid 4He
through an array of nanoapertures [6], and the observation
of the Josephson effect in Bose-Einstein condensates [7].
Superconductors have traditionally held a special place as
test-bench systems for these kinds of quantum phenomena due
to the ease of scaling and integrating them into real quantum
devices, offering a high degree of measurability and control of
a macroscopic wave function.

Every experiment or application using a superconducting
weak link is based on how the phase difference ϕ between
the electrodes evolves in time and space [1,2,5,8]. The large
variety of barriers now available between the superconducting
electrodes offer novel functionalities and efficient tuning
of physical processes occurring at the nanoscale and at
different interfaces [9–13]. A recent example is the proposal
to use the Josephson effect for the detection of the Majorana
fermions [14].

Progress in material science in producing a larger variety
of interfaces and in nanotechnologies applied to supercon-
ductivity is promoting a rethinking of the phase dynamics
of Josephson junctions (JJs). Here we give evidence of a
breakdown of a fundamental tenet of the Josephson effect:
the transition from the superconducting to the normal state
does not follow the expected stochastic Josephson phase
dynamics, but has a more intriguing balance between local
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and global energy processes. The onset of nonequilibrium
effects is the key to describe the local processes, which may
radically change perspectives on how to interpret the physics
and make predictions on the performances of a large variety
of “smart” Josephson devices. We measure switching current
distributions (SCDs) which codify the very general process
of the escape of a particle (phase) from a potential well in a
JJ [2,5], keeping track in our case of nonequilibrium effects.
Roughly speaking, SCDs are obtained in JJs with hysteretic
current-voltage (I -V ) characteristics by counting the number
of times the system switches from the superconducting to
the resistive state within a small window of bias current,
when ramping forth and back the bias current. Thermally
activated processes are well understood in JJs both in the
underdamped [15–17] and in the moderately damped [18]
regime. The transition to the macroscopic quantum tunneling
regime has been theoretically [19–21] and experimentally
[22–24] widely investigated. SCD measurements focus on
“the very moment” at which resistance originates in super-
conducting weak links. Thus we use the power of encoding
information of nonequilibrium local processes in fluctuations
to characterize these dynamical processes.

In the resistively and capacitively shunted junction (RCSJ)
model [5], the damping parameter Q = ωpRC is proportional
to the square root of Ic via the plasma frequency ωp =
(2eIc/!C)1/2 at zero bias current, where R and C are the
resistance and capacitance, respectively. In a more general
approach, Q has a frequency dependence [18,25], which
includes the effects of the external shunting impedance. A
junction cannot sustain an unlimited increase in the critical
current Ic and thus in the quality factor Q through larger critical
current density Jc while still preserving all the properties of
the Josephson effect and all the features of the underdamped
regime in the I -V curves.
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one hand, time-dependent Ginzburg-Landau theory, which
forms the basis of the LAMH calculation, is not strictly ap-
plicable in this regime of temperatures and, in addition,
phase-slip processes involving quantum tunneling rather than
thermal barrier crossing are expected to become important in
this regime. And on the other hand, the value of the resis-
tance can fall below the noise floor of the experiment.

To overcome the difficulty in probing superconductivity
in nanowires at low temperatures associated with the small-
ness of the linear resistance, we focus on experiments involv-
ing high bias currents so that they lie beyond the linear-
response regime. In these experiments, the current through
the nanowire is ramped up and down in time, via a triangular
or sinusoidal modulation protocol. As the current is ramped
up, the state of the wire switches from superconductive to
resistive !i.e., normal", doing so at a value of the current that
is smaller than the depairing !i.e., equilibrium" critical cur-
rent; and on ramping the current down, the state gets re-
trapped into a superconductive state but at a value of current
smaller than the current at which switching occurred. Hys-
teretic behavior such as this, reflecting the underlying bista-
bility of the superconducting nanowire over a temperature-
dependent interval of currents, was first reported in Ref. 8.
The experiments addressed in the present paper9,10 go a step
further, in that they repeatedly ramp the current up and then
down, for thousands of cycles at each of a chosen set of
temperatures, and thus generate thousands of values of the
switching and retrapping currents at each of these tempera-
tures. These experiments find that the distribution of retrap-

ping currents is very narrow and does not significantly
change with temperature. In contrast, the distribution of
switching currents is relatively broad, the mean and the
width of the distribution changing as the bath temperature—
which is set by the leads—is varied. The fact that even at a
fixed temperature and current-sweep protocol the switching
current is statistically distributed and does not have a sharp
value is a reflection of !and therefore a window on" the col-
lective dynamics of the superconducting condensate in the
nanowire. The condensate is seen to be a fluctuating entity,
evolving stochastically in time and, at random instants, un-
dergoing phase-slip events. The goal of the present work is to
understand the behavior of these distributions of switching
currents, and thereby gain insight into the low-temperature
rates at which thermal and quantum phase-slip fluctuations
occur. We now proceed to motivate the physical mechanism
for switching, and thus set the stage for the remainder of this
paper.

Distributions of switching currents were first studied in
the context of Josephson junctions, in work by Fulton and
Dunkleberger.14 In particular, these researchers found that
the width of the distribution decreased, as the temperature
was reduced. As will be discussed in detail in Sec. VII, in the
experiments on nanowires that we are considering,9,10 this
width is found to increase as the temperature is reduced. A
second important difference is that the Josephson junctions
that show hysteresis are underdamped systems whereas
nanowires are expected to be overdamped, as argued also in
Ref. 8, i.e., a single phase-slip event by itself is sufficient to
cause switching in hysteretic Josephson junctions but not in
superconducting nanowires. Experimentally, the observation
of voltage tails,10,15,16 i.e., small but nonzero voltages across
current-biased nanowires in the superconducting state, veri-
fies the occurrence of multiple phase slips prior to the
switching event, and indicates that the wire is in the over-
damped regime. The main consequence of these arguments is
that while in the experiments reported by Fulton and Dunkle-
berger the rate of switching is essentially given by the rate !
at which individual phase slips occur, in the case of nano-
wires the switching rate is generically found to be smaller
than !. Tinkham et al.8 have proposed a physical mechanism
that accounts for the fact that hysteresis in observed, in spite
of the overdamped dynamics of the wire. According to this
mechanism, the phase-slip fluctuations are resistive but, be-
cause of the overdamping, they are not by themselves ca-
pable of causing switching to a resistive !i.e., normal" state.
However, the resistance coming from the phase-slip fluctua-
tions is associated with Joule heating. If this heating is not
overcome sufficiently rapidly !e.g., by conductive cooling"
then it has the effect of reducing the depairing current, ulti-
mately to below the applied current, thus causing switching
to the highly resistive state. We shall concentrate on the case
of free standing wires, in which the only available cooling
mechanism is the conduction of heat from the wire to one of
the superconducting leads, which play the role of heat baths.
In the following sections, we discuss in more detail how
bistability and hysteresis come about within the framework
of this physical picture. Along the way, it should become
clear how, within this picture, switching induced by multiple
phase slips can essentially be interpreted in terms of the

FIG. 1. !Color online" Schematic showing !a" the configuration
of the free-standing nanowire supported by the superconducting
leads, which act as a thermal bath; !b" the attenuation of the order
parameter "!x" in the core of a phase slip; !c" the simplified model
of the wire: phase slips occur exclusively in the central segment
while the end segments carry the heat produced by phase slips to
the thermal baths; !d" the temperature profile of the wire in the
simplified model, with uniform temperature in the central segment
and spatially varying temperature in the end segments.
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We report measurements of the temperature dependence of the critical current, Ic, in Josephson junc-
tions consisting of conventional superconducting banks of Nb and a weakly ferromagnetic interlayer of a
CuxNi12x alloy, with x around 0.5. With decreasing temperature Ic generally increases, but for specific
thicknesses of the ferromagnetic interlayer, a maximum is found followed by a strong decrease down to
zero, after which Ic rises again. Such a sharp cusp can be explained only by assuming that the junction
changes from a 0-phase state at high temperatures to a p phase state at low temperatures.
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Almost all of the presently known superconductors con-
tain conventional Cooper pairs, two electrons with oppo-
site spin and momentum (1k", 2k#). Such a system is
described by an isotropic excitation gap or an order pa-
rameter. The exceptions are found notably in high Tc su-
perconductors, and in some organic superconductors and
heavy fermion systems, in which the exact pairing mecha-
nism is not yet fully understood. Still, it is surprising that
of many possible ways to form a pair, so few are actu-
ally realized. For instance, it is not imperative that the net
momentum of the pair is zero. It was predicted long ago
by Larkin and Ovchinnikov [1] and by Fulde and Ferrel
[2] that pairing still can occur when the electron energies
and momenta at the Fermi energy are different for the two
spin directions, for instance as the result of an exchange
field in magnetic superconductors. The “LOFF” state is
qualitatively different from the zero-momentum state: it
is spatially inhomogeneous and the order parameter con-
tains nodes where the phase changes by p . It was never
observed in bulk materials, but below we present evidence
that it can be induced in a weak ferromagnet (F) sand-
wiched between two superconductors (S). Such a SFS
junction can yield a phase shift of p between the super-
conducting banks, as was also predicted [3–5]. The p
state offers new ways for studying the coexistence of su-
perconductivity and magnetism and may also be important
for superconducting electronics, e.g., in quantum comput-
ing: several schemes for the necessary qubits (quantum
two-level systems) rely on phase shifts of p in a super-
conducting network [6,7].

The spatial variation of the superconducting order pa-
rameter in the ferromagnet arises as a response of the
Cooper pair to the energy difference between the two spin
directions. The electron with the energetically favorable
spin increases its momentum by Q ~ Eex!yF , where Eex
is the exchange energy and yF is the Fermi velocity, while
the other electron decreases its momentum by Q. Since
the original momentum of each electron can be positive
or negative, the total pair momentum inside the ferromag-
net is 2Q or 22Q. Combination of the two possibilities

leads to an oscillating order parameter c"z# in the junction
along the direction normal to the SF interfaces: c"z# ~
cos"2Qz# [8,9]. The same picture applies in the diffusive
limit. Now the oscillation is superimposed on the decay
of the order parameter due to pair breaking by impuri-
ties in the presence of the exchange field. In the regime
Eex ¿ kBT , the decay length jF1 is given by "h̄D!Eex#1!2,
where D is the electron diffusion coefficient in the fer-
romagnet, while the oscillation period 2pjF2 is equal
to 2p"h̄D!Eex#1!2. Because of the oscillations, different
signs of the order parameter can occur at the two banks
when the F-layer thickness dF is of the order of half a pe-
riod. This is the so-called p-phase state, which competes
for existence with the ordinary 0-phase state. Figure 1a
shows a Ginzburg-Landau free-energy calculation consist-
ing of negative condensation energy and positive gradient
energy for either state in the F layer. The p phase is more
favorable in the range dF!"2pjF2# between 0.4 and 0.8.
Figure 1b shows the behavior of c"z# in the F layer below
and above dF,cr. The crossover from the 0 phase to the p
phase state should manifest itself in an anomalous thick-
ness dependence both of the superconducting transition
temperature Tc of the junction [10,11] and of the critical
current Ic [4]. Experiments on Tc"dF# have been per-
formed in systems such as Nb!Gd [12], Nb!Fe [13], V!Fe
[14], and Pb!Fe [15] but the results are not conclusive.
Especially, it was shown that also in bilayer systems (no
coupling) Tc"dF# can behave in an anomalous fashion [15].

Our approach is to induce the crossover as a function
of temperature, not of thickness, and to use a unique sig-
nature of the junction Ic: according to the Josephson re-
lation Is ! Ic sin"f#, with f the phase difference across
the junction, biasing with f ! p should lead to a nega-
tive current response upon a small increase of the phase.
In other words, Ic becomes negative. A change of state
from 0 to p will lead to a zero crossing of Ic, and if only
the absolute value of the current is measured, a sharp cusp
will be observed. The condition for having the temperature
as a parameter is kBT $ Eex. The exchange field and the
temperature then are equally important and the behavior of
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FIG. 2. (Top) Schematic cross section of the sample. (Center)
Typical I-V characteristic. (Bottom) Magnetic field dependence
of the critical current Ic for the junction with Cu0.5Ni0.5 and
dF ! 14 nm.

alloy thickness, showed a small hysteresis loop with a
coercive field of about 8 mT and a saturation moment of
0.07mB!Ni atom. We found no significant difference be-
tween single layers and trilayers, from which we conclude
that also in the junctions the alloy layer is ferromagnetic
and that a supercurrent can be sustained even through a
ferromagnetic layer. Figure 3 shows Ic"T # in zero mag-
netic field for two junctions with dF ! 22 nm [17]. The
curve marked (a) shows that Ic increases with decreasing
temperature, goes through a maximum, returns to zero,
and rises again sharply. For all data points, it was ascer-
tained that the zero-field value was the maximum value for
Ic. The curve marked (b) shows the same characteristic
behavior although the zero value for Ic lies at a different
temperature. In this case Ic"H# characteristics were mea-
sured at three different temperatures to ascertain that Ic

FIG. 3. Critical current Ic as a function of temperature T for
two junctions with Cu0.48Ni0.52 and dF ! 22 nm [17]. Inset: Ic
versus magnetic field H for the temperatures around the cross-
over to the p state as indicated on curve b: (1) T ! 4.19 K,
(2) T ! 3.45 K, (3) T ! 2.61 K.

was determined correctly. The data, shown in the inset of
Fig. 3, prove that the Ic"T # oscillations are not associated
with residual magnetic inductance changes which would
change the position of the central peak. It is important to
realize that the phase difference in zero applied field is
uniform in the plane of the junction, either 0 or p . The
Fraunhofer pattern will not shift when the phase turns from
0 to p , but the zero-field Ic goes from positive to negative.
In a current-driven experiment, this leads to the sharp cusp
observed in Ic"T #. The p state can also be demonstrated
by the thickness dependence of the effect. Shown in
Fig. 4a is a series of measurements for junctions of differ-
ent thicknesses in the range 23 to 27 nm. At 23 nm only
positive curvature is visible, an inflection point is observed
for 25 nm, a maximum for 26 nm, and the full cusp now
at 27 nm. Figure 4b shows a set of calculations based on
the formalism of the quasiclassical Usadel equations [18],
with reasonable parameters for Eex and dF!j!, where
j! ! $h̄D!"2pkBTc#%1!2. They qualitatively demonstrate
how the crossover moves into the measurement window
upon increasing the F-layer thickness. Quantitatively, the
thickness dependence in the calculations is much weaker
than in the experiments. Parameters such as the spin flip
scattering length probably also play a role. Still, the ap-
pearance of the crossover is mimicked correctly. If we
estimate it around dF!2pjF2 & 0.4 0.5, it follows that
jF2 & 10 nm, as expected for the low magnetic moment
and justifying the assumption of dirty limit conditions.

A final remark concerns qualitative and quantitative re-
producibility. Qualitatively, the cusps can be observed for
certain thickness intervals in all sample batches with fer-
romagnetic layers which are presently fabricated, both for
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We have measured a long-range supercurrent in Josephson junctions containing Co (a strong ferro-

magnetic material) when we insert thin layers of either PdNi or CuNi weakly ferromagnetic alloys

between the Co and the two superconducting Nb electrodes. The critical current in such junctions hardly

decays for Co thicknesses in the range of 12–28 nm, whereas it decays very steeply in similar junctions

without the alloy layers. The long-range supercurrent is controllable by the thickness of the alloy layer,

reaching a maximum for a thickness of a few nm. These experimental observations provide strong

evidence for induced spin-triplet pair correlations, which have been predicted to occur in
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When a conventional spin-singlet superconductor is
brought into contact with a normal metal, superconducting
pair correlations penetrate into the normal metal over
distances as large as a micron at low temperature, creating
the superconducting proximity effect [1]. If the normal
metal is replaced by a ferromagnet, the pair correlations
penetrate only a few nanometers, as the exchange field in
the ferromagnet leads to a rapid loss of phase coherence
between electrons with opposite-pointing spins [2,3]. This
limitation would not arise if the Cooper pairs in the super-
conductor had spin-triplet symmetry, which occurs only
rarely in nature [4,5]. It was predicted several years ago
that spin-triplet superconducting correlations could be in-
duced at the interface between a conventional spin-singlet
superconductor and a ferromagnet with inhomogeneous
magnetization [6,7]. Moreover, these pair correlations are
in a new symmetry class: they have even relative orbital
angular momentum but are odd in frequency or time [8]. A
promising hint of spin-triplet correlations in half-metallic
CrO2 was reported in 2006 by Keizer et al. [9]; however,
there has been no confirmation of that result in the inter-
vening time. Here we present strong evidence for spin-
triplet pair correlations in Josephson junctions fabricated
from common metals: Nb and Co. The magnetic inhomo-
geneity is supplied by thin layers of a weakly
ferromagnetic alloy—either PdNi or CuNi—inserted be-
tween the Co and Nb layers. As the Co thickness is
increased, the maximum supercurrent in the Josephson
junctions decays very slowly—in sharp contrast to the
very fast decay observed in similar junctions without these
alloy layers [10]. The strength of the triplet correlations
can be controlled by the thickness of the alloy layer, reach-
ing its maximum for a thickness of a few nm.

A schematic diagram of our Josephson junction samples
is shown in Fig. 1(a). The entire multilayer structure up
through the top Au layer is sputtered onto a Si substrate in a
single run, without breaking vacuum between subsequent

layers. The multilayers are subsequently patterned into
circular pillars using photolithography and Ar ion milling,
after which the SiOx insulating layer is thermally evapo-
rated to isolate the top Nb contact from the base. Finally,
the top Nb contact is sputtered through a mechanical mask.
The Au layer is fully superconducting due to the proximity
effect with the surrounding Nb layers. The Nb supercon-
ducting layers have critical temperature near 9 K, which
allows us to measure the Josephson critical supercurrent at
4.2 K with the samples dipped in liquid helium. Details of
our fabrication and measurement procedures are given in
our previous publications [10,11].
The detailed sequence of internal layers [labeled F for

‘‘ferromagnetic’’ in Fig. 1(a)] is shown in Fig. 1(b). The

FIG. 1 (color online). (a) Schematic diagram of the Josephson
junction samples, shown in cross-section. (b) Detailed sequence
of the metal layers inside the Josephson junctions (labeled F in
a). The layers labeled X are either PdNi or CuNi alloy. The
functions of the various layers are described in the text. Only the
thicknesses of the Co and X layers are varied in this work. The
Cu buffer layers play no active role in the devices, but are
important to isolate the X layers magnetically from the Co
layers.
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purpose of the ferromagnetic Co is to suppress the conven-
tional spin-singlet Josephson supercurrent. As explained in
more detail in Ref. [10], we have inserted a thin Ru layer in
the center of the Co layer, which induces antiparallel
exchange coupling between the domains in the two Co
layers [12], leaving nearly zero net magnetization in the
junctions. As a result, the critical current vs applied mag-
netic field data exhibit nearly ideal ‘‘Fraunhofer patterns’’,
as shown in Fig. 2. These patterns give us reliable mea-
surements of the maximum critical current in each sample,
while also indicating that the current flow in the junctions
is uniform and that there are no shorts in the surrounding
SiO insulator. (Without the Ru layers, the Fraunhofer
patterns of Josephson junctions similar to the ones studied
here are random, and the critical currents are very small
[10].) The layers labeled X represent either Pd0:88Ni0:12 or
Cu0:48Ni0:52 ferromagnetic alloys. The Cu layers between
the X layers and the Co layers serve two purposes. First,
they isolate the X and Co layers magnetically, so the
magnetization of the X layers is not exchange coupled to
that of the Co layers. Second, we have found in our earlier
work that the quality of our sputtered Co is higher when
sputtered on Cu than on some other materials (Nb in [10]).

We discuss first the case where X ¼ Pd0:88Ni0:12, a
weakly ferromagnetic alloy with a Curie temperature of
175 K [11]. Figure 3(a) shows the product of critical
current and normal state resistance, IcRN, vs total cobalt
thickness, DCo " 2dCo, for a series of samples with fixed
PdNi layer thickness, dPdNi ¼ 4 nm. (The normal state
resistance, RN , is determined from the inverse slope of
the I-V curve for I # Ic.) There is no discernible decay
of IcRN for DCo > 12 nm. For comparison, Fig. 3(a) also
shows data from Ref. [10] for junctions not containing
PdNi. In those samples IcRN decays very rapidly with

increasing DCo, with a decay constant of 2:34$ 0:08 nm
[10]. WhenDCo ¼ 20 nm, IcRN is over 100 times larger in
the samples with PdNi than in the samples without PdNi.
The long-range character of the Josephson current in
samples with PdNi represents strong evidence for its
spin-triplet nature.
The subtle role of the X layers in enhancing the super-

current is illustrated in Fig. 3(b), which shows IcRN vs dX
with X ¼ PdNi or CuNi for two sets of samples with DCo

fixed at 20 nm. Without any X layer, IcRN is very small,
consistent with the data shown in Fig. 3(a). When the X

FIG. 2. Critical current (Ic) vs applied magnetic field (H) for a
10 !m diameter Josephson junction with dCo ¼ 13 nm and
dPdNi ¼ 4 nm, measured at T ¼ 4:2 K. The excellent
‘‘Fraunhofer pattern’’ results from cancellation of the intrinsic
magnetic flux in the junction, due to antiparallel exchange
coupling of the two Co layers via the thin Ru layer. (The lines
are guides to the eye.) The inset shows the current-voltage (I-V)
characteristic of the junction at H ¼ 0.

FIG. 3 (color online). (a) Product of critical current times
normal state resistance, IcRN , as a function of total Co thickness,
DCo ¼ 2dCo. Red circles represent junctions with X ¼ PdNi and
dPdNi ¼ 4 nm, whereas black squares represent junctions with no
X layer (taken from Ref. [10]). As DCo increases above 12 nm,
IcRN hardly drops in samples with PdNi, but drops very rapidly
in samples without. (The solid line is a fit of the data without
PdNi to a decaying exponential, also from Ref. [10]. In [10], data
from multiple junctions with the same value of DCo were
represented by a single data point with an error bar; here, each
device is represented by its own data point.) (b) IcRN product as
a function of dX for two series of junctions with fixed DCo ¼
20 nm. Red circles: X ¼ PdNi; blue triangles: X ¼ CuNi. (The
two squares at dX ¼ 0 are taken from Ref. [10].) In both cases,
IcRN first increases, then eventually decreases with increasing
dX. Lines are guides to the eye.
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Coupling of Two Superconductors through a Ferromagnet: Evidence for a p Junction
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We report measurements of the temperature dependence of the critical current, Ic, in Josephson junc-
tions consisting of conventional superconducting banks of Nb and a weakly ferromagnetic interlayer of a
CuxNi12x alloy, with x around 0.5. With decreasing temperature Ic generally increases, but for specific
thicknesses of the ferromagnetic interlayer, a maximum is found followed by a strong decrease down to
zero, after which Ic rises again. Such a sharp cusp can be explained only by assuming that the junction
changes from a 0-phase state at high temperatures to a p phase state at low temperatures.

DOI: 10.1103/PhysRevLett.86.2427 PACS numbers: 74.50.+r, 74.80.Dm

Almost all of the presently known superconductors con-
tain conventional Cooper pairs, two electrons with oppo-
site spin and momentum (1k", 2k#). Such a system is
described by an isotropic excitation gap or an order pa-
rameter. The exceptions are found notably in high Tc su-
perconductors, and in some organic superconductors and
heavy fermion systems, in which the exact pairing mecha-
nism is not yet fully understood. Still, it is surprising that
of many possible ways to form a pair, so few are actu-
ally realized. For instance, it is not imperative that the net
momentum of the pair is zero. It was predicted long ago
by Larkin and Ovchinnikov [1] and by Fulde and Ferrel
[2] that pairing still can occur when the electron energies
and momenta at the Fermi energy are different for the two
spin directions, for instance as the result of an exchange
field in magnetic superconductors. The “LOFF” state is
qualitatively different from the zero-momentum state: it
is spatially inhomogeneous and the order parameter con-
tains nodes where the phase changes by p . It was never
observed in bulk materials, but below we present evidence
that it can be induced in a weak ferromagnet (F) sand-
wiched between two superconductors (S). Such a SFS
junction can yield a phase shift of p between the super-
conducting banks, as was also predicted [3–5]. The p
state offers new ways for studying the coexistence of su-
perconductivity and magnetism and may also be important
for superconducting electronics, e.g., in quantum comput-
ing: several schemes for the necessary qubits (quantum
two-level systems) rely on phase shifts of p in a super-
conducting network [6,7].

The spatial variation of the superconducting order pa-
rameter in the ferromagnet arises as a response of the
Cooper pair to the energy difference between the two spin
directions. The electron with the energetically favorable
spin increases its momentum by Q ~ Eex!yF , where Eex
is the exchange energy and yF is the Fermi velocity, while
the other electron decreases its momentum by Q. Since
the original momentum of each electron can be positive
or negative, the total pair momentum inside the ferromag-
net is 2Q or 22Q. Combination of the two possibilities

leads to an oscillating order parameter c"z# in the junction
along the direction normal to the SF interfaces: c"z# ~
cos"2Qz# [8,9]. The same picture applies in the diffusive
limit. Now the oscillation is superimposed on the decay
of the order parameter due to pair breaking by impuri-
ties in the presence of the exchange field. In the regime
Eex ¿ kBT , the decay length jF1 is given by "h̄D!Eex#1!2,
where D is the electron diffusion coefficient in the fer-
romagnet, while the oscillation period 2pjF2 is equal
to 2p"h̄D!Eex#1!2. Because of the oscillations, different
signs of the order parameter can occur at the two banks
when the F-layer thickness dF is of the order of half a pe-
riod. This is the so-called p-phase state, which competes
for existence with the ordinary 0-phase state. Figure 1a
shows a Ginzburg-Landau free-energy calculation consist-
ing of negative condensation energy and positive gradient
energy for either state in the F layer. The p phase is more
favorable in the range dF!"2pjF2# between 0.4 and 0.8.
Figure 1b shows the behavior of c"z# in the F layer below
and above dF,cr. The crossover from the 0 phase to the p
phase state should manifest itself in an anomalous thick-
ness dependence both of the superconducting transition
temperature Tc of the junction [10,11] and of the critical
current Ic [4]. Experiments on Tc"dF# have been per-
formed in systems such as Nb!Gd [12], Nb!Fe [13], V!Fe
[14], and Pb!Fe [15] but the results are not conclusive.
Especially, it was shown that also in bilayer systems (no
coupling) Tc"dF# can behave in an anomalous fashion [15].

Our approach is to induce the crossover as a function
of temperature, not of thickness, and to use a unique sig-
nature of the junction Ic: according to the Josephson re-
lation Is ! Ic sin"f#, with f the phase difference across
the junction, biasing with f ! p should lead to a nega-
tive current response upon a small increase of the phase.
In other words, Ic becomes negative. A change of state
from 0 to p will lead to a zero crossing of Ic, and if only
the absolute value of the current is measured, a sharp cusp
will be observed. The condition for having the temperature
as a parameter is kBT $ Eex. The exchange field and the
temperature then are equally important and the behavior of
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FIG. 2. (Top) Schematic cross section of the sample. (Center)
Typical I-V characteristic. (Bottom) Magnetic field dependence
of the critical current Ic for the junction with Cu0.5Ni0.5 and
dF ! 14 nm.

alloy thickness, showed a small hysteresis loop with a
coercive field of about 8 mT and a saturation moment of
0.07mB!Ni atom. We found no significant difference be-
tween single layers and trilayers, from which we conclude
that also in the junctions the alloy layer is ferromagnetic
and that a supercurrent can be sustained even through a
ferromagnetic layer. Figure 3 shows Ic"T # in zero mag-
netic field for two junctions with dF ! 22 nm [17]. The
curve marked (a) shows that Ic increases with decreasing
temperature, goes through a maximum, returns to zero,
and rises again sharply. For all data points, it was ascer-
tained that the zero-field value was the maximum value for
Ic. The curve marked (b) shows the same characteristic
behavior although the zero value for Ic lies at a different
temperature. In this case Ic"H# characteristics were mea-
sured at three different temperatures to ascertain that Ic

FIG. 3. Critical current Ic as a function of temperature T for
two junctions with Cu0.48Ni0.52 and dF ! 22 nm [17]. Inset: Ic
versus magnetic field H for the temperatures around the cross-
over to the p state as indicated on curve b: (1) T ! 4.19 K,
(2) T ! 3.45 K, (3) T ! 2.61 K.

was determined correctly. The data, shown in the inset of
Fig. 3, prove that the Ic"T # oscillations are not associated
with residual magnetic inductance changes which would
change the position of the central peak. It is important to
realize that the phase difference in zero applied field is
uniform in the plane of the junction, either 0 or p . The
Fraunhofer pattern will not shift when the phase turns from
0 to p , but the zero-field Ic goes from positive to negative.
In a current-driven experiment, this leads to the sharp cusp
observed in Ic"T #. The p state can also be demonstrated
by the thickness dependence of the effect. Shown in
Fig. 4a is a series of measurements for junctions of differ-
ent thicknesses in the range 23 to 27 nm. At 23 nm only
positive curvature is visible, an inflection point is observed
for 25 nm, a maximum for 26 nm, and the full cusp now
at 27 nm. Figure 4b shows a set of calculations based on
the formalism of the quasiclassical Usadel equations [18],
with reasonable parameters for Eex and dF!j!, where
j! ! $h̄D!"2pkBTc#%1!2. They qualitatively demonstrate
how the crossover moves into the measurement window
upon increasing the F-layer thickness. Quantitatively, the
thickness dependence in the calculations is much weaker
than in the experiments. Parameters such as the spin flip
scattering length probably also play a role. Still, the ap-
pearance of the crossover is mimicked correctly. If we
estimate it around dF!2pjF2 & 0.4 0.5, it follows that
jF2 & 10 nm, as expected for the low magnetic moment
and justifying the assumption of dirty limit conditions.

A final remark concerns qualitative and quantitative re-
producibility. Qualitatively, the cusps can be observed for
certain thickness intervals in all sample batches with fer-
romagnetic layers which are presently fabricated, both for
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Andreev levels as a quantum dissipative environment

Artem V. Galaktionov1, Dmitry S. Golubev2 and Andrei D. Zaikin3,1
1I.E.Tamm Department of Theoretical Physics, P.N.Lebedev Physical Institute, 119991 Moscow, Russia

2Low Temperature Laboratory, Department of Applied Physics, Aalto University, Espoo, Finland
3Institute of Nanotechnology, Karlsruhe Institute of Technology (KIT), 76021 Karlsruhe, Germany

We argue that at subgap energies quantum behavior of superconducting weak links can be exactly
accounted for by an effective Hamiltonian for a Josephson particle in a quantum dissipative environ-
ment formed by Andreev levels. This environment can constitute an important source for intrinsic
inelastic relaxation and dephasing in highly transparent weak links. We investigate the problem of
macroscopic quantum tunneling in such weak links demonstrating that – depending on the barrier
transmission – the supercurrent decay can be described by three different regimes: (i) weak intrinsic
dissipation, (ii) strong intrinsic dissipation and (iii) strong capacitance renormalization. Crossover
between quantum and thermally-assisted supercurrent decay regimes can also be strongly affected
by the Andreev level environment.

PACS numbers: 74.45.+c, 74.50.+r, 74.40.-n
Keywords:

Quantum dissipation is known to occur as a result of
interaction with an effective environment. Quite gener-
ally, this environment can be modeled as a set of har-
monic oscillators. Tracing out the oscillator degrees of
freedom one naturally arrives at the Feynman-Vernon
influence functional theory [1] and the Caldeira-Leggett
description of quantum dissipation [2, 3]. Electrons in
metallic conductors can also play the role of a quantum
dissipative environment, as it is illustrated, e.g., by the
Ambegaokar-Eckern-Schön (AES) effective action treat-
ment of metallic tunnel junctions [4, 5]. Further exten-
sion of the influence functional technique also allows to
directly account for Fermi statistics [6] in the situation
when electrons in a metal form an effective environment
”for themselves”.
In superconducting tunnel junctions dissipation at low

enough temperatures/energies can only occur extrinsi-
cally (e.g. by attaching an Ohmic shunt resistor [2, 3, 5])
as there exist no states with energies below the supercon-
ducting gap ∆ in such junctions. The situation changes
if one goes beyond the tunneling limit. In this case sub-
gap Andreev bound states [7] are formed inside supercon-
ducting weak links. For sufficiently short junctions the
corresponding bound state energies are ±ϵn(ϕ), where

ϵn(ϕ) = ∆
√

1− Tn sin
2(ϕ/2), (1)

Tn denote normal transmissions of conducting channels
and ϕ is the superconducting phase difference across the
junction. While in the tunneling limit Tn ≪ 1 one has
ϵn(ϕ) ≃ ∆ for any value ϕ, at higher transmissions the
energies of Andreev levels (1) can drop well below ∆ and
may even tend to zero for fully open channels and ϕ ≈ π.
Here we will demonstrate that Andreev bound states –

along with model oscillators [1–3] or electrons in a metal
[4–6] – may act as intrinsic quantum dissipative environ-
ment for the Josephson phase ϕ strongly affecting quan-
tum properties of superconducting weak links.
Effective Hamiltonian for a weak link.– In what follows

we will consider a current biased superconducting junc-
tion characterized by a geometric capacitance C0 and an
arbitrary distribution of normal transmissions Tn among
N transport channels. Provided the phase ϕ does not
fluctuate the junction may conduct the supercurrent [8]

IS(ϕ) =
e∆2 sinϕ

2

∑

n

Tn

ϵn(ϕ)
tanh

ϵn(ϕ)

2T
. (2)

Here and below the sum runs over all channels from
n = 1 to n = N . In order to describe quantum fluc-
tuation effects it is necessary to treat the phase ϕ as
a quantum variable [5]. The generalization of the AES
type-of-approach can be worked out also beyond the tun-
neling limit employing both Matsubara [9] and Keldysh
[10] techniques, however the resulting effective action be-
comes tractable only in certain physical situations.
One of such situations is realized if phase fluctuations

remain sufficiently weak [11, 12]. Splitting the phase vari-
able into constant and fluctuating parts ϕ(t) = χ+ φ(t)
and assuming |φ(t)| ≪ 1 one can express the kernel of the
Keldysh evolution operator J as a double path integral

J =

∫

DφFDφB exp(iS0[φF ]− iS0[φB]+ iSR−SI), (3)

where the phase variables φF,B are defined respectively
on the forward and backward branches of the Keldysh
contour and S0[φF,B] define local in time contributions

S0[φ] =

t
∫

0

dt′
[

Cφ̇2

8e2
− U(χ+ φ(t′))

]

. (4)

Here C is the effective junction capacitance which may
differ from C0 due to retardation effects [11] and

U(ϕ) = −2T
∑

n

ln

[

cosh
ϵn(ϕ)

2T

]

− Iϕ

2e
(5)

5

FIG. 2: (Color online) The function T0(q) (32) for different
values of r (solid lines) together with the dependencies q(T )
for r = 10−6 (dotted lines). The crossover temperature T0(I)
is determined as the intersection point of T0(q) and q(T ).

Note that for very small r ! 10−4 the function T0(q)
becomes multivalued for some values of q. This be-
havior, however, does no imply the presence of several
crossover temperatures for a given bias I because the crit-
ical current IC also depends on temperature and, hence,
q = q(T ). For each value I the crossover temperature T0

should be obtained from the equation T0 = T0(q(T0)), as
it is also illustrated in Fig. 2. As a result, we arrive at
the bias current value I = I0(T ) at which quantum-to-
classical crossover occurs at a given temperature. The
function I0(T ) is plotted in Fig. 3 for r = 0.1 together
with IC(T ). With decreasing r classical activation region
shrinks and I0(T ) rapidly approaches IC(T ).

FIG. 3: The bias current I0 separating the regimes of quan-
tum tunneling and thermal activation as a function of tem-
perature plotted together with IC(T ) for r = 0.1. The inset
shows the dependence T0(q) (32) for r = 0.1 and r = 0.01.

In summary, we demonstrated that subgap Andreev
bound states in superconducting weak links form an in-
trinsic quantum dissipative environment for the Joseph-
son phase ϕ and derived a microscopic low energy Hamil-
tonian for such weak links. Effective coupling between
ϕ and Andreev oscillators depends on transport chan-
nel transmissions Tn and vanishes for fully open channels
with Tn → 1. In the case of highly transparent weak links
we analyzed both quantum an thermally-assisted decay
of the supercurrent and identified the MQT regimes of
weak intrinsic dissipation, strong intrinsic dissipation and
strong capacitance renormalization. Our predictions can
be directly tested in modern experiments.
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We theoretically investigate the macroscopic quantum dynamics of a ! junction with a superconductor !S"
and a multiferroic material or a ferromagnetic insulator !FI". By deriving the effective action from a micro-
scopic Hamiltonian, a !-junction qubit !a S-FI-S superconducting quantum interference device ring" is pro-
posed. In this qubit, a quantum two-level system is spontaneously generated and the effect of the quasiparticle
dissipation is found to be very weak. These features make it possible to realize a quiet qubit with high
coherency. We also investigate macroscopic quantum tunneling !MQT" in current-biased S-FI-S ! junctions
and show that the influence of the quasiparticle dissipation on MQT is negligibly small.
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When two superconductors are weakly coupled via a thin
insulating barrier, a direct current can flow even without bias
voltage. The driving force of this supercurrent is the phase
difference in the macroscopic wave function. The supercur-
rent I and the phase difference # across the junction have a
relation I= IC sin # with IC$0 being the critical current. If
the weak link consists of a thin ferromagnetic metal !FM"
layer, the result can be a Josephson junction with a built-in
phase difference of !. Physically this is a consequence of the
phase change of the order parameter induced in the FM by
the proximity effect.1–3 Superconductor !S"-FM-S Josephson
junctions presenting a negative coupling or a negative IC are
usually called ! junctions4,5 and such behavior has been re-
ported experimentally.6–10

As proposed by Bulaevskii et al.,2 a superconducting ring
with a ! junction #a ! superconducting quantum interference
device !SQUID"$ exhibits a spontaneous current without an
external magnetic field and the corresponding magnetic flux
is half a flux quantum %0 in the ground state. Therefore it is
expected that a S-FM-S ! SQUID system becomes a quiet
qubit that can be efficiently decoupled from the fluctuation of
the external field.11–14 From the viewpoint of quantum dissi-
pation, however, the structure of S-FM-S junctions is inher-
ently identical with S-N-S junctions !where N is a normal
nonmagnetic metal". Therefore a gapless quasiparticle exci-
tation in the FM layer is inevitable. This feature gives a
strong Ohmic dissipation15,16 and the coherence time of
S-FM-S qubits is bound to be very short. In practice the
current-voltage characteristic of a S-FM-S junction shows
nonhysteretic and overdamped behaviors.8 On the other
hand, as was shown by Tanaka and Kashiwaya,17 a ! junc-
tion can also be formed in Josephson junctions with a ferro-
magnetic insulator !FI". In S-FI-S junctions, the influence of
the quasiparticle excitation in the FI is expected to be very
weak as in the case of S-I-S junctions18 !where I is a non-
magnetic insulator".

In this paper, we propose a !-junction qubit that consists
of a rf SQUID ring with S-FI-S junctions, and investigate

macroscopic quantum tunneling !MQT" in a single S-FI-S
junction. Unlike previous phenomenological studies for
S-FM-S junction qubits,11–14 we derive the effective action of
S-FI-S junctions from a microscopic Hamiltonian in order to
deal with the quasiparticle dissipation explicitly. By using
the effective action, we show that the quasiparticle dissipa-
tion in this system is considerably weaker than in S-FM-S
junctions. This feature makes it possible to realize highly
coherent quantum logic circuits.

First, we will calculate the effective action for S-FI-S Jo-
sephson junctions by using the functional integral
method.18–20 S-FI-S Josephson junctions consist of two su-
perconductors !L and R" and a thin FI barrier #Fig. 1!a"$. The
Hamiltonian of S-FI-S junctions is conveniently given by
H=HL+HR+HT+HQ, where HL!R" is the Hamiltonian de-
scribing the left !right" superconductor electrodes: HL
=%&&dr 'L&

† !r"!−(2!2 /2m−)"'L&!r"− !gL /2"%&&dr 'L&
† !r"

*'L−&
† !r"'L−&!r"'L&!r", where '& is the electron field opera-

tor for the spin &!=↑ , ↓ ", m is the electron mass, and ) is the
chemical potential. The coupling between two superconduct-
ors is due to the transfer of electrons through the
FI barrier and due to the Coulomb interaction term
HQ= !QL−QR"2 /8C, where C is the capacitance of the
junction and QL!R"=e%&&dr 'L!R"&

† !r"'L!R"&!r" is the
operator for the charge on the superconductor L!R". The
former is described by the tunneling term HT
=%&&dr dr!#T&!r ,r!"'L&

† !r"'R&!r!"+H.c.$. The FI barrier
can be described by a potential17,21,22 V&!r"=+&V,!x", where
+↑=1 and +↓=−1 #see Fig. 1!b"$. In the high-barrier limit
!Z'mV /(2kF-1", the tunneling matrix element is given by
T&!k ,k!"= i+&kx / !kFZ",ky,ky!

,kz,kz!
, where kF is the Fermi wave

number. The spin dependence of T& is essential for the for-
mation of ! coupling.

Examples of FIs include the f-electron systems EuX !X
=O, S, and Se",23 ferrites,24 rare-earth nitrides !e.g.,
GdN",25,26 insulating barriers with magnetic impurities27

!e.g., amorphous FeSi alloys",28 Fe-filled semiconductor car-
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When two superconductors are weakly coupled via a thin
insulating barrier, a direct current can flow even without bias
voltage. The driving force of this supercurrent is the phase
difference in the macroscopic wave function. The supercur-
rent I and the phase difference # across the junction have a
relation I= IC sin # with IC$0 being the critical current. If
the weak link consists of a thin ferromagnetic metal !FM"
layer, the result can be a Josephson junction with a built-in
phase difference of !. Physically this is a consequence of the
phase change of the order parameter induced in the FM by
the proximity effect.1–3 Superconductor !S"-FM-S Josephson
junctions presenting a negative coupling or a negative IC are
usually called ! junctions4,5 and such behavior has been re-
ported experimentally.6–10

As proposed by Bulaevskii et al.,2 a superconducting ring
with a ! junction #a ! superconducting quantum interference
device !SQUID"$ exhibits a spontaneous current without an
external magnetic field and the corresponding magnetic flux
is half a flux quantum %0 in the ground state. Therefore it is
expected that a S-FM-S ! SQUID system becomes a quiet
qubit that can be efficiently decoupled from the fluctuation of
the external field.11–14 From the viewpoint of quantum dissi-
pation, however, the structure of S-FM-S junctions is inher-
ently identical with S-N-S junctions !where N is a normal
nonmagnetic metal". Therefore a gapless quasiparticle exci-
tation in the FM layer is inevitable. This feature gives a
strong Ohmic dissipation15,16 and the coherence time of
S-FM-S qubits is bound to be very short. In practice the
current-voltage characteristic of a S-FM-S junction shows
nonhysteretic and overdamped behaviors.8 On the other
hand, as was shown by Tanaka and Kashiwaya,17 a ! junc-
tion can also be formed in Josephson junctions with a ferro-
magnetic insulator !FI". In S-FI-S junctions, the influence of
the quasiparticle excitation in the FI is expected to be very
weak as in the case of S-I-S junctions18 !where I is a non-
magnetic insulator".

In this paper, we propose a !-junction qubit that consists
of a rf SQUID ring with S-FI-S junctions, and investigate

macroscopic quantum tunneling !MQT" in a single S-FI-S
junction. Unlike previous phenomenological studies for
S-FM-S junction qubits,11–14 we derive the effective action of
S-FI-S junctions from a microscopic Hamiltonian in order to
deal with the quasiparticle dissipation explicitly. By using
the effective action, we show that the quasiparticle dissipa-
tion in this system is considerably weaker than in S-FM-S
junctions. This feature makes it possible to realize highly
coherent quantum logic circuits.

First, we will calculate the effective action for S-FI-S Jo-
sephson junctions by using the functional integral
method.18–20 S-FI-S Josephson junctions consist of two su-
perconductors !L and R" and a thin FI barrier #Fig. 1!a"$. The
Hamiltonian of S-FI-S junctions is conveniently given by
H=HL+HR+HT+HQ, where HL!R" is the Hamiltonian de-
scribing the left !right" superconductor electrodes: HL
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† !r"!−(2!2 /2m−)"'L&!r"− !gL /2"%&&dr 'L&
† !r"

*'L−&
† !r"'L−&!r"'L&!r", where '& is the electron field opera-

tor for the spin &!=↑ , ↓ ", m is the electron mass, and ) is the
chemical potential. The coupling between two superconduct-
ors is due to the transfer of electrons through the
FI barrier and due to the Coulomb interaction term
HQ= !QL−QR"2 /8C, where C is the capacitance of the
junction and QL!R"=e%&&dr 'L!R"&

† !r"'L!R"&!r" is the
operator for the charge on the superconductor L!R". The
former is described by the tunneling term HT
=%&&dr dr!#T&!r ,r!"'L&

† !r"'R&!r!"+H.c.$. The FI barrier
can be described by a potential17,21,22 V&!r"=+&V,!x", where
+↑=1 and +↓=−1 #see Fig. 1!b"$. In the high-barrier limit
!Z'mV /(2kF-1", the tunneling matrix element is given by
T&!k ,k!"= i+&kx / !kFZ",ky,ky!

,kz,kz!
, where kF is the Fermi wave

number. The spin dependence of T& is essential for the for-
mation of ! coupling.

Examples of FIs include the f-electron systems EuX !X
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U!!" = − EJ cos ! +
1

2Lloop
#"0

2#
$2#! − 2#

"ex

"0
$2

, !8"

where "ex is the external magnetic flux. U!!" exhibits two
minima at != ±# /2 without a external magnetic flux "ex
%see Fig. 2!b"& and has two identical wells with equal energy
levels when tunneling between the wells is neglected. These
levels correspond to clockwise and counterclockwise persis-
tent currents circulating in the loop !the half flux states". Let
us consider the lowest !doubly degenerate" energy levels !'↑ (
and '↓ (". When the tunneling between two wells is switched
on, the levels split, and a two-level system !'0(= !'↑ (
+ '↓ (" /)2 and '1(= !'↑ (− '↓ (" /)2" is formed with the level
spacing $. These states are used as a computational basis for
the qubit.41 In order to prevent thermalization of the quantum
state composed from the two low-lying energy levels !'0(
and '1(", we require kBT%$.

As in the case of the qubit using the S-I-S flux qubit,40 the
one-qubit operation !the Rabi oscillation" can be realized by
irradiating the qubit with microwaves of frequency &'=$.
Moreover, a two-qubit gate !e.g., the controlled-NOT gate"
can be performed by using the inducting coupling between
two adjacent qubits.

Next, we will develop a theory of MQT in single S-FI-S
junctions %Fig. 1!a"&. MQT is an important first step toward
the experimental realization of Josephson junction qubits and
is used in a final measurement process for a phase-type
qubit.42–44 In order to observe MQT, an external bias current
Iext which is close to IC is applied to the junction. This leads
to an additional term −!& /2e"*0

&(d) Iext!!)" in the effective
action !1".18 The resultant action

Seff%!& = +
0

&(

d),Cren

2
# &

2e

!!!)"
!)

$2

− U!!"- !9"

describes the quantum dynamics of a fictive particle !the
macroscopic phase difference !" with mass M =Cren!& /2e"2

moving in the tilted washboard potential U!!"=
−EJ%cos !!)"−*!!)"&, where *. Iext / 'IC'. The MQT escape
rate from this metastable potential at zero temperature is
given by +=lim(→,!2/("Im lnZ.45 By using the semiclassi-
cal !instanton" method,46 the MQT rate is approximated as

+!*" =
'p!*"

2#
)120#B!*"e−B!*", !10"

where 'p!*"=)&IC /2eM!1−*2"1/4 is the Josephson plasma
frequency and B!*"=Seff%!B& /& is the bounce exponent, that

is, the value of the action Seff evaluated along the bounce
trajectory !B!)". The analytic expression for the exponent B
is given by

B!*" =
12
5e
) &

2e
ICCren!1 − *2"5/4. !11"

In MQT experiments, the switching current distribution
P!*" is measured. P!*" is related to the MQT rate +!*" as

P!*" =
1

v
+!*"exp#−

1

v+0

*

+!*!"d*!$ , !12"

where v.'d* /dt' is the sweep rate of the external bias cur-
rent. The average value of the switching current is expressed
by /*(.*0

1d*!P!*!"*!. At high temperature regime, the
thermally activated decay dominates the escape process.
Then the escape rate is given by the Kramers formula45 +
= !'p /2#"exp!−U0 /kBT", where U0 is the barrier height. Be-
low the crossover temperature T*, the escape process is
dominated by MQT and the escape rate is given by Eq. !10".
The crossover temperature T* is defined by47

T* =
5&'p!* = /*("

36kB
. !13"

As was shown by Caldeira and Leggett, in the presence of a
dissipation, T* is suppressed.46

In order to see explicitly the effect of the quasiparticle
dissipation on MQT, we numerically estimate T*. Currently
no experimental data are available for S-FI-S junctions.
Therefore we estimate T* by using the parameters for a high-
quality Nb/Al2O3/Nb junction48 !-0=1.30 meV, C
=1.61 pF, 'IC'=320 .A, RN=-0 /4e'IC', v'IC'=0.245 A/s".
By substituting these data into Eq. !6" we obtain /C /C
=0.0145%1. Then from Eq. !13" we get the crossover tem-
perature T*=245 mK for the dissipationless case !Cren=C"
and T*=244 mK for the dissipation case !Cren=C+/C". We
find that, due to the existence of the quasiparticle dissipation,
T* is reduced, but this reduction is negligibly small. This
strongly indicates the high potentiality for the S-FI-S junc-
tions as a phase-type qubit.42–44

To summarize, we have theoretically proposed a
#-junction quiet qubit which consists of a superconducting
ring with the FI !the S-FI-S # SQUID qubit". Moreover, we
have investigated the effect of the quasiparticle dissipation
on the quantum dynamics and MQT using the parameter set
for a high-quality Nb junction with Al2O3 barrier, and
showed that this effect is considerably smaller compared

FIG. 2. !Color online" !a" Schematics of the #
SQUID flux qubit with a single S-FI-S junction.
!b" The potential energy U!!" vs the phase dif-
ference ! without the external magnetic flux "ex.
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Switching dynamics in high Jc JJs



Switching dynamics in	nanobridges

• Highly localized phase slip events in a point contact 
connecting two Al superconducting electrodes

• The main dissipative mechanisms can be ascribed
to a train of thermally driven phase slip events
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Ferromagnetic Josephson switching device with high characteristic voltage
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We develop a fast magnetic Josephson junction (MJJ)—a superconducting ferromagnetic device
for a scalable high-density cryogenic memory compatible in speed and fabrication with
energy-efficient single flux quantum (SFQ) circuits. We present experimental results for
superconductor-insulator-ferromagnet-superconductor (SIFS) MJJs with high characteristic voltage
IcRn of >700 lV proving their applicability for superconducting circuits. By applying magnetic
field pulses, the device can be switched between MJJ logic states. The MJJ IcRn product is only
!30% lower than that of conventional junction co-produced in the same process, allowing for
integration of MJJ-based and SIS-based ultra-fast digital SFQ circuits operating at tens of
gigahertz. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4723576]

High speed, low power superconducting rapid single
flux quantum (RSFQ) digital circuits have already found
their applications in digital-RF systems impacting communi-
cations and signal intelligence applications.1,2 Recently, an
energy-efficient generation of RSFQ circuits, eSFQ, and
ERSFQ logics offered a way to overcome the low energy ef-
ficiency of conventional technologies for the next generation
of supercomputers.3 However, the practical applications of
these superconducting digital technologies will inevitably be
very limited without compatible in speed and signal levels,
high-capacity, energy-efficient random access memory
(RAM). The largest superconducting RAM demonstrated to
date, a 4 kbit RAM,4 is insufficient for practical applications
and hardly compatible with SFQ-type circuits.

The low density of superconducting memory is directly
related to a relatively large size of memory cells based on SFQ
storage loops coupled to address lines via transformers which
are difficult to scale.5–8 The required ac power posed an addi-
tional implementation problem for achieving larger capacity
RAM integrated circuits.8 In order to get around the low
capacity of superconductor RAMs, hybrid superconductor-
semiconductor schemes were pursued.9,10 However, these
approaches can address only limited applications and cannot
satisfy the need for a fast, energy efficient memory in a close
proximity to the digital circuits, preferably on the same chip.
Alternatively, combining superconducting elements with ferro-
magnetic layers and dots was suggested to achieve higher den-
sity of superconducting memory.11,12 However, these ideas did
not go beyond initial concepts nor address compatibility with
SFQ circuits.

Recently, we have introduced a memory cell based on
magnetic Josephson junction (MJJ), a Josephson switching
device with ferromagnetic (F) layer(s). The MJJ critical cur-
rent can change and retain its value by ferromagnet magnet-
ization, so that a memory element size is defined by the

scalable small MJJ device.13 With achieving MJJ switching
speed comparable to that of conventional JJs, both types of
junctions can be integrated into a single circuit operating in
an SFQ non-hysteretic switching regime, enabling a low
power and high speed memory operation. Since such mem-
ory will be electrically and physically compatible with SFQ-
type circuits, it enables a fabrication of memory and digital
circuits in a single process on the same chip including a high
density 3D integration.

In order to achieve a high energy-efficiency of MJJ-
based memory comparable to that of digital SFQ-type cir-
cuits, the MJJs must comply with two main requirements:
fast and low-energy F-layer remagnetization for Write opera-
tion and fast SFQ junction switching for Read operation. In
this paper, we focus on the development of the MJJ with
high characteristic voltage—the key device enabling fast
non-destructive readout and low-power write for an energy-
efficient and high-capacity, non-volatile, and high-speed
memory compatible to SFQ circuits.

It was already proven that a switching MJJ can be
formed as a superconductor-ferromagnetic-superconductor
(SFS) junction. For the ferromagnetic layer, a weak and
magnetically soft PdFe alloy with low Fe-content was cho-
sen.14 The ability of Nb/Pd0.99Fe0.01/Nb SFS junction to op-
erate as a switch was demonstrated in Institute of Solid State
Physics (ISSP) in 2010.15 Specifically, an application of
small external magnetic field changed the magnetization of
the ferromagnetic layer that in turn changes the junction Ic,
allowing the realization of two distinct states with high and
low Ic, corresponding to logical “0” and “1” states, respec-
tively. However, the characteristic voltage IcRn of these SFS
devices was in the order of nanovolts, which makes them too
slow (!MHz rate) to be applicable to prospective memory
applications.

The MJJs have to be comparable in switching speed with
conventional SIS JJs. By inserting an additional isolation tun-
nel layer I in the junction (i.e., fabricating a superconductor-
insulator-ferromagnet-superconductor (SIFS) structure), one
should be able to increase Vc¼ IcRn to !1 mV to achieve
high switching frequency. This should bring the MJJ

a)Also at InQubit Inc., 21143 Hawthorne Blvd., Torrance, California 90503,
USA.

b)Author to whom correspondence should be addressed. Electronic mail:
vernik@hypres.com.

0003-6951/2012/100(22)/222601/5/$30.00 VC 2012 American Institute of Physics100, 222601-1

APPLIED PHYSICS LETTERS 100, 222601 (2012)

Downloaded 11 Apr 2013 to 192.84.134.230. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

MJJs for memory applications

C
ur

re
nt

Nb
120 
nm

Nb
150
nm

}

Pd0.99Fe0.01/Nb/Al1-xAlOx
(14/10/2)nm



RF field

Magnetic field pulse

+Magnetic field pulse

‘0’ ‘0’‘1’ ‘1’

𝐼#$%&

Our approach

Current level separation is enhanced in 
a wide range of magnetic pulse
amplitudes

C
ur

re
nt

R. Caruso, D. Massarotti et al. 
submitted to Applied Physics Letters



Current-phase relation
! = 	 !$% sin) +	!$+ sin 2)	



Current-phase relation
! = 	 !$% sin) +	!$+ sin 2)	



Second harmonic component

g<0

g>0

! " =	−&'(cos" + - cos 2")	

!" = 	
ℏ&'"
2) 	 ! = 	 $%&$%'

	



Second harmonic component

g<0

g>0

! " =	−&'(cos" + - cos 2")	

! = 	 $%&$%'
	!" = 	

ℏ&'"
2) 	



Second harmonic component

Q

g

single
switching 
mode

double
switching 
mode

T4 K
1 K

100 mK

g<0

g>0

! " =	−&'(cos" + - cos 2")	

! = 	 $%&$%'
	!" = 	

ℏ&'"
2) 	



Second harmonic component

g<0

! " =	−&'(cos" + - cos 2")	

Q

g

single
switching 
mode

double
switching 
mode

T4 K
1 K

100 mK

! = 	 $%&$%'
	!" = 	

ℏ&'"
2) 	



Ic(T) curves
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 86, 060506(R) (2012)

Spin-polarized Josephson and quasiparticle currents in superconducting spin-filter tunnel junctions
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We present a theoretical study of the effect of spin filtering on the Josephson and dissipative quasiparticle
currents in a superconducting tunnel junction. By combining the quasiclassical Green’s functions and the tunneling
Hamiltonian method, we describe the transport properties of a generic junction consisting of two superconducting
leads with an effective exchange field h separated by a spin-filter insulating barrier. We show that in addition
to the tunneling of Cooper pairs with total spin projection Sz = 0 there is another contribution to the Josephson
current due to triplet Cooper pairs with total spin projection Sz ̸= 0. The latter is finite and not affected by the
spin-filter effect provided that the fields h and the magnetization of the barrier are noncollinear. We also determine
the quasiparticle current for a symmetric junction and show that the differential conductance may exhibit peaks
at different values of the voltage depending on the polarization of the spin filter, and the relative angle between
the exchange fields and the magnetization of the barrier. Our findings provide a plausible explanation for existing
experiments on Josephson junctions with magnetic barriers, predict further effects, and show how spin-polarized
supercurrents in hybrid structures can be created.

DOI: 10.1103/PhysRevB.86.060506 PACS number(s): 74.50.+r, 72.25.−b, 74.78.Fk

Introduction. The prediction of long-range triplet super-
conducting correlations in superconductor-ferromagnet (S-F)
hybrid structures1,2 has led to intense experimental activity in
recent years.3–7 These experiments have shown that a finite
Josephson current can flow between two superconductors
connected by a ferromagnetic layer whose thickness far
exceeds the expected penetration length of singlet pairs. The
Josephson current measured in these experiments is attributed
to the flow of Cooper pairs in a triplet state. According to
the theory, the appearance of triplet correlations occurs only
in the presence of a magnetic inhomogeneity located in the
vicinity of the S-F interface.1,8–11 The inhomogeneity can
be either artificially created4 or can be an intrinsic property
of the material, as for example the domain structure of the
usual ferromagnets6 or the spiral-like magnetization in certain
rare-earth metals.5,12

The Josephson triplet current is nothing but a dissipationless
spin-polarized current and therefore its control would be of
great advantage in the field of spintronics.13 Important building
blocks of spintronic circuits are magnetic insulating barriers
with spin-dependent transmission, so-called spin filters (Isf ),
which have been studied in several experiments using, for
example, europium chalcogenide tunnel barriers.14–17 The
question naturally arises whether one can use these spin-filter
tunneling junctions to control and eventually to create a triplet
Josephson current. We will address this question in the present
Rapid Communication.

In spite of several studies of the transport properties of
spin-filter tunneling barriers, the Josephson effect has only
recently been explored through a S-Isf -S structure.18 The
tunnel barrier used was a GdN film that reduced the value
of the critical current Ic compared to a nonmagnetic barrier.
In addition to the large reduction of Ic the authors of Ref. 18
also observed that the Ic(T ) curve deviates at low temperature
from the expected tunneling behavior.19 Theoretically, the
effect of spin-dependent transmission on the Josephson current
was first considered by Kulik20 and Bulaevskii et al.21 on

the basis of the tunneling Hamiltonian. It was demonstrated
that spin-selective tunneling always leads to a reduction of
the critical current with respect to its value in the spin-
independent case or even to the change of sign of the critical
current. Later on it was shown that the magnetic barrier in
an Isf -S structure induces an effective exchange field in the
superconductor.22,23 Other theoretical works have addressed
the Josephson effect through spin-active barriers in ballistic
systems24–26 and through ideally ballistic superconductor–
ferromagnetic insulator–superconductor junctions.27,28 Also
the spin-polarized current through S-N-F junctions, where
N is a normal non-magnetic metal, has been studied in
Refs. 29 and 30. However, none of these works presented
a comprehensive theoretical study of the Josephson effect by
taking into account both the spin-filter effect and the presence
of the exchange field in the superconducting electrodes, nor has
the interplay between spin filtering and triplet supercurrents
been investigated.

The aim of the present Rapid Communication is to provide
a complete description of the transport properties of Josephson
junctions with spin filters. For that sake we introduce a simple
model which allows us on the one hand to derive simple and
useful expressions for the dc Josephson and quasiparticle
currents in a S-Isf -S and on the other hand to predict the
conditions under which the creation of a spin-polarized super-
current is possible. Our model considers the spin-filter effect
of the Isf barrier and a finite exchange field in the electrodes.
We show that the contribution to the current from Cooper
pairs in the singlet and triplet states with zero spin projection
vanishes in the case of a fully spin-polarized barrier. However,
the contribution to the Josephson current from tunneling of
Cooper pairs in a triplet state with nonvanishing spin projection
is independent of the strength of the spin filter. The latter
contribution is finite provided that the exchange fields in the
electrodes and the spin quantization axis of the barrier are
noncollinear. This result explains how spin-polarized currents
can be created and controlled by means of spin-filter barriers.

060506-11098-0121/2012/86(6)/060506(5) ©2012 American Physical Society
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In the case of a fully spin-polarized barrier (r = 0), i.e.,
if either T↓ or T↑ is zero, Eq. (5) shows that the singlet
Cooper pairs do not contribute to the Josephson current. The
contribution to the current is due only to the second term
on the right-hand side (RHS) which is independent of r and
proportional to the amplitude of the triplet component ft . This
term does not vanish provided that neither α nor β is equal
to 0 or π . This important result shows that even though in
the electrodes only the triplet component with (locally) zero
spin projection exists, the noncollinearity between h and the
magnetization of the barrier induces a coupling between them
and leads to the creation of a spin-polarized supercurrent. In
our model the parameters r and h are independent. However,
for a ferromagnetic insulator/superconductor system they
might be related to each other.22 We assume next that the
exchange fields in the left and right electrodes are parallel to
the magnetization of the barrier (α = β = 0) and compute the
temperature dependence of the critical current using Eq. (5).
In Fig. 1 we show this dependence for different sets of
parameters (h,r). Throughout this Rapid Communication the
order parameter $(T ) is determined self-consistently and the
temperature in the figures is normalized with respect to the
critical temperature which depends on h. The Ic(T ) curve was
measured in Ref. 18 for a Josephson junction with a spin
filter as tunneling barrier. If we assume, as the authors of
Ref. 18 did, a finite spin-filtering effect (r < 1) but neglect
the exchange field in the superconductor (h = 0) we obtain
the dashed curve in Fig. 1, which is nothing but the AB curve
multiplied by a prefactor r ≈ 0.27. If we assume now a finite
value of the effective exchange field in the S layers (dot-dashed
curve in Fig. 1) for the same value of r one obtains that the
critical current is smaller than the AB curve for all values of
temperatures. If we now keep the same value for the finite
exchange field but slightly change the value of r (solid line in
Fig. 1), one can see that for lower temperatures the Ic(T ) curve
exceeds is higher than the AB curve. This behavior, which is
in qualitative agreement with the results of Ref. 18, shows
that the interplay between h and r is crucial to understand the
transport properties of the junction. We cannot conclusively
say, though, that the experiment can be fully explained by these
results. Indeed, measurements of the tunneling conductance
in junctions with GdN barriers suggest a finite exchange
field inside the S electrodes.33 However, GdN barriers may
also exhibit a complicated temperature-dependent magnetic
domain structure that could also modify the Ic(T ) behavior.18

This hypothetical effect is beyond the scope of the present
work. Let us now assume that the exchange fields in the S
layers and the magnetization of the Isf barrier are noncollinear
(we set α = β = π/2 in order to maximize the contribution of
the triplet supercurrent). In Fig. 2(a) we show the temperature
dependence of the critical current for different values of
the spin-filter parameter r corresponding to highly polarized
barriers. For large values of r the critical current is positive for
all temperatures (0 junction). However, if r is small enough
the second term in the RHS of (5) starts to dominate and at
certain interval of temperature Ic < 0 (π junction), i.e., our
model predicts a zero-π transition for large enough spin-filter
efficiency. Thus, it is more likely to observe the 0-π transition
in systems containing europium chalcogenide tunnel barriers
with almost 100% spin polarization17 than by using GdN
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FIG. 2. (Color online) The temperature dependence of Ĩc for
different values of r and α = π/2 (a); and for different values of
α and r = 0.1 (b). In both panels h = 0.567$0.

films with a spin-filter efficiency of around 75%.18 Note
that in the fully polarized limit r = 0 the critical current is
negative for all temperatures. In Fig. 2(b) we show the Ic(T )
dependence for r = 0.1 and different values of α. Negative
values of the current appear if α is close to π/2. The origin
of the π -junction behavior described here is different from
the one studied in Ref. 20. The π -junction behavior shown
in Fig. 2 is caused by the noncollinearity of the exchange
fields and the magnetization of the Isf , i.e., it is determined
by the second term in the RHS of Eq. (5). In contrast, in
Ref. 21 there is no such term and the π -junction behavior
was obtained by assuming that T < U (i.e., by choosing
r < 0). For completeness we note that the Josephson current
in metallic multilayered SFFS junctions also depends on
the angle between magnetization orientations in different F
layers. This problem (without spin-filter barriers) has been
studied in numerous papers on the basis of the Usadel,
Eilenberger, or Bogoliubov–de Gennes equations (see, for
example, Refs. 8,9,34–41 and references in the review articles
Refs. 2 and 13).

Let us now calculate the quasiparticle current Iqp from
Eq. (4). For the normalized current jqp = Iqp(V )/IN (V )
[IN (V ) = V/RN is the current through the junction in the
normal state] we get

jαβ = 1
eV

∫
dϵFV Yαβ(ϵ,h,V ), (6)

where Yαβ(ϵ,h,V ) is the spectral conductance and
FV = 0.5{tanh[(ϵ + eV/2)/2T ] − tanh[(ϵ−eV/2)/2T ]}. We
present here the expression for a symmetric junction, i.e.,
νr = νl and α = β, although similar expressions hold for
arbitrary angles α and β. It reads

Yαα = ν0+ν0− + ν3+ν3− − (1 − r)ν3+ν3− sin2 α. (7)

We have defined the density of states ν0,3(ϵ) = [ν(ϵ +
h) ± ν(ϵ − h)]/2 with ν(ϵ) = ϵ/

√
ϵ2 − $2 and ν0± = ν0(ϵ ±

eV/2).
The left panel of Fig. 3 shows the voltage dependence of the

normalized differential conductance Gqp for zero temperature
in the symmetric case α = β = π/4. In the absence of the
spin-filter effect (r = 1) the differential conductance is an even
function of V , showing a peak at eV = 2$ and no signature
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FIG. 1. (Color online) The temperature dependence of the critical
current for different values of h and r . We assume that α = β = 0.
Inset: The structure described by our model Hamiltonian Eq. (1).
The black region represents the spin-filter barrier while the gray
regions are layers with a finite exchange field pointing in an arbitrary
direction. dF is the thickness of these layers and we have defined
Ĩc = 2IceRN/(#0π ), where #0 is the value of the order parameter at
T = 0 and h = 0.

We also calculate the differential tunneling conductance of
the S-Isf -S junction, and analyze how the Zeeman-split peaks
depend on both the spin-filter parameter and the exchange field
in the electrodes. Our model allows a quantitative description
of existing transport experiments on S-Isf -S junctions14–16 and
gives a possible explanation for the temperature dependence of
the critical Josephson current observed in Ref. 18. We finally
discuss the applicability of our model to real systems.

The model. We consider a tunnel junction between two
superconductors (see the inset of Fig. 1). The tunneling barrier,
the black area in Fig. 1, is a spin filter. The gray regions close to
the barrier are thin ferromagnetic layers with a finite exchange
field acting on the spin of the conducting electrons. The
direction of these fields is arbitrary. We assume for simplicity
that the thickness of the superconductors is smaller than the
coherence length. In this case one can average the equations
for the Green functions over the thickness and get a uniform
superconductor with built-in exchange field.31 Under these
assumptions the system is described by a generic Hamiltonian
which is homogeneous in space:

H = HR + HL + HT , (1)

where HR(L) describes the left and right electrodes consisting
of a BCS superconductor with an intrinsic exchange field. For
example, for the left electrode it reads

HL =
∑

k,s,s ′

a
†
ks[ξkδss ′ − (hLnL · σ̂ )ss ′ ]aks

+
∑

k

(#La
†
k↑a

†
−k↓ + H.c.), (2)

where a (a†) is the annihilation (creation) operator of a particle
with momentum k and spin s, ξk is the quasiparticle energy,
# is the superconducting gap, σ = (σ1,σ2,σ3) is the vector of
Pauli matrices, hL is the amplitude of the effective exchange
field, and n is a unit vector pointing in its direction. The HT

term in Eq. (1) describes the spin-selective tunneling through

the spin filter and is given by

HT =
∑

s,s ′

(T σ̂0 + U σ̂z)ss ′a†
s bs ′ + H.c., (3)

where a and b are the field operators in the left and right
electrodes, respectively. T and U are the spin-independent and
spin-dependent tunneling matrix elements. We neglect their
momentum dependence. The tunneling amplitude for spin up
(down) is then given by T↑(↓) = T ± U . We assume that the
origin of the different tunneling amplitudes is the conduction-
band splitting in the ferromagnetic insulating barrier, which
leads to different tunnel barrier heights for spin-up and spin-
down electrons.16,17

In order to calculate the current through the junction it
is convenient to introduce the quasiclassical Green functions
ǧR(L) for the left and right electrodes. An expression for the
current in terms of ǧR(L) can be obtained straightforwardly
from the equations of motions for the Green functions after
integration over the quasiparticle energy. In the lowest order
in tunneling the current is given by

I = 1
32eRN (T 2

↑ + T 2
↓ )

∫
dϵTr{τ̂3[*̌ǧLα*̌,ǧRβ]K}, (4)

where RN = 1/[4πeN (0)(T 2
↑ + T 2

↓ )] is the resistance of the
barrier in the normal state, N (0) is the normal density of
states at the Fermi level, thehacek denotes 8 × 8 matrices
in the Gor’kov-Nambu (τi)–spin (σi)–Keldysh space, *̌ =
T τ̂0 ⊗ σ̂0 + U τ̂3 ⊗ σ̂3, α and β are the angles between the
exchange field of the L and R electrodes with respect to the
z axis (see the inset in Fig. 1), and ǧα is the bulk Green’s
function which can be obtained by solving the quasiclassical
equations. The matrix ǧLα (and by analogy ǧRβ) can be written
as ǧLα = Řα · ǧL0 · Ř†

α , where ǧL0 is the known solution
for the case of an exchange field along the z axis, and
Řα = cos(α/2) + iτ̂3 ⊗ σ̂1 sin(α/2).

Results. We first proceed to determine the Josephson critical
current through the spin filter. We assume that #L = #R = #
and hL = hR = h and that the exchange field in the left (right)
electrode forms an angle α (β) with the magnetization of the
Isf barrier which points in the z direction. From Eq. (4) we
find the Josephson current IJ = Ic sin ϕ, where ϕ is the phase
difference between the superconductors and the critical current
Ic is given by the general expression

eRNIc = 2πT
∑

ωn>0

{
r
[
f 2

s + f 2
t cos α cos β

]
+ f 2

t sin α sin β
}
,

(5)

where r = 2T↓T↑/(T 2
↓ + T 2

↑ ) is a parameter describing the
efficiency of the spin filtering (r = 0 denotes full polar-
ization and r = 1 a nonmagnetic barrier32). fs(t) = (f+ ±
f−)/2 are the anomalous Green’s functions where f± =
#/

√
(ωn ± ih)2 + #2 and ωn is the Matsubara frequency.

The amplitude of the singlet component is determined by fs

whereas the amplitude of the triplet component is given by ft .
Equation (5) is one of the main results of our work. If h = 0 it
reproduces the expression presented in Refs. 20 and 21, which
is the well-known Ambegaokar-Baratoff (AB) formula for the
critical current19 multiplied by a factor r < 1.
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Implementation of superconductor/ferromagnet/
superconductor ⇡-shifters in superconducting
digital and quantum circuits
A. K. Feofanov1, V. A. Oboznov2, V. V. Bol’ginov2, J. Lisenfeld1, S. Poletto1, V. V. Ryazanov2,
A. N. Rossolenko2, M. Khabipov3, D. Balashov3, A. B. Zorin3, P. N. Dmitriev4, V. P. Koshelets4

and A. V. Ustinov1*

High operation speed and low energy consumption may
allow the superconducting digital single-flux-quantum circuits
to outperform traditional complementary metal–oxide–
semiconductor logic. The remaining major obstacle towards
high element densities on-chip is a relatively large cell size nec-
essary to hold a magnetic flux quantum �0. Inserting a ⇡-type
Josephson junction1,2 in the cell is equivalent to applying flux
�0/2 and thus makes it possible to solve this problem3. More-
over, using ⇡-junctions in superconducting qubits may help to
protect them from noise4,5. Here we demonstrate the operation
of three superconducting circuits—two of them are classical
and one quantum—that all utilize such ⇡-phase shifters
realized using superconductor/ferromagnet/superconductor
sandwich technology6. The classical circuits are based on
single-flux-quantum cells, which are shown to be scalable and
compatible with conventional niobium-based superconducting
electronics. The quantum circuit is a ⇡-biased phase qubit,
for which we observe coherent Rabi oscillations. We find no
degradation of the measured coherence time compared to that
of a reference qubit without a ⇡-junction.

In superconducting circuits, currents can flow without applying
any electric field. The role of the electrostatic potential difference
required to drive a current in conventional circuits is played here
by a difference ' between the phases of the superconducting
order parameters. In the absence of current, ' is zero, but this
can be altered by inserting a particular type of superconducting
weak link, a so-called ⇡-junction1,2, yielding a phase shift of ⇡.
The fundamental property of superconducting weak links is a
2⇡-periodic current–phase relation. The supercurrent through
a conventional Josephson junction is usually described by the
harmonic relation Is = IC sin', where IC is the critical current,
whereas the ⇡-junction has the inverse current–phase relation
Is = IC sin(' +⇡) = �IC sin'. The ⇡-junctions were theoretically
proposed about three decades ago, whereas their remarkable
properties have been demonstrated in experiments notably
later6–8. Practical implementations of ⇡-junctions have been widely
discussed for a variety of different technologies. These include
approaches using superconductors with d-wave order parameter
symmetry7,9,10, circuits with non-equilibrium current injection8,
junctions with ferromagnetic layers6 and junctions with gated
carbon nanotubes11.

1Physikalisches Institut and DFG Center for Functional Nanostructures (CFN), Karlsruhe Institute of Technology, Wolfgang-Gaede-Str.1, D-76131 Karlsruhe,
Germany, 2Institute of Solid State Physics, Russian Academy of Science, Chernogolovka 142432, Russia, 3Physikalisch-Technische Bundesanstalt,
Bundesallee 100, 38116 Braunschweig, Germany, 4Kotel’nikov Institute of Radio Engineering and Electronics, Russian Academy of Science, Mokhovaya 11,
Building 7, Moscow 125009, Russia. *e-mail: ustinov@kit.edu.

The ideas of using ⇡-junctions in superconducting classical
and quantum circuits have been explored in several theoretical
proposals. In classical digital logic, a complementary Josephson
junction inverter12 was suggested as a superconducting analogue
of the complementary metal–oxide–semiconductor logic. It relies
on using superconducting quantum interference devices (SQUIDs)
of conventional (0-junctions) and ⇡-types and requires that 0-
and ⇡-junctions have similar IC and normal-state resistance. These
technologically stringent requirements can be softened by using
an alternative ‘asymmetric’ approach3 that employs ⇡-junctions as
passive phase shifters (phase inverters) in basic cells of the modified
single-flux-quantum (SFQ) logic. Here the ⇡-junction critical
current IC is chosen to be much larger than that of conventional
0-junctions employed in the very same SFQ cell, so the phase
difference across the ⇡-junction is always close to ⇡ even at zero
magnetic field. As the total change of the order parameter’s phase
over the closed path must become a multiple of 2⇡, the ‘missing’
phase difference of ⇡ or �⇡ is induced on the remaining part of the
cell by a spontaneously generated superconducting current.

The first proposal for using a loop with an integrated ⇡-junction
as a superconducting quantum circuit4,5 featured a superposition
of two persistent current states in a loop at zero magnetic field,
in analogy to a spin-1/2 system. The ⇡-junctions required here
must have very low dissipation (high normal resistance), which so
far has seemed unattainable for any of the existing technologies
for making ⇡-junctions. The alternative usage of ⇡-junctions as
passive phase shifters offers an advantage for the operation of
superconducting flux qubits at the degeneracy point requiring zero
or a very small external magnetic field. Potentially, this allows
noise and electromagnetic interference induced by magnetic field
sources to be minimized. There remains an open question: do
⇡-junctions themselves introduce any intrinsic decoherence when
they are inserted into a superconduction quantum circuit?

The origin of the ⇡-state in a superconductor/ferromagnet/
superconductor (SFS) junction is an oscillating and sign-reversing
superconducting order parameter in the ferromagnet close to
the superconductor/ferromagnet interface2,13. Owing to these
oscillations, different signs of the order parameter can occur
at the two banks of the SFS sandwich when the ferromagnetic
layer thickness is of the order of half an oscillation period,
which corresponds to a sign change of the supercurrent and
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High operation speed and low energy consumption may
allow the superconducting digital single-flux-quantum circuits
to outperform traditional complementary metal–oxide–
semiconductor logic. The remaining major obstacle towards
high element densities on-chip is a relatively large cell size nec-
essary to hold a magnetic flux quantum �0. Inserting a ⇡-type
Josephson junction1,2 in the cell is equivalent to applying flux
�0/2 and thus makes it possible to solve this problem3. More-
over, using ⇡-junctions in superconducting qubits may help to
protect them from noise4,5. Here we demonstrate the operation
of three superconducting circuits—two of them are classical
and one quantum—that all utilize such ⇡-phase shifters
realized using superconductor/ferromagnet/superconductor
sandwich technology6. The classical circuits are based on
single-flux-quantum cells, which are shown to be scalable and
compatible with conventional niobium-based superconducting
electronics. The quantum circuit is a ⇡-biased phase qubit,
for which we observe coherent Rabi oscillations. We find no
degradation of the measured coherence time compared to that
of a reference qubit without a ⇡-junction.

In superconducting circuits, currents can flow without applying
any electric field. The role of the electrostatic potential difference
required to drive a current in conventional circuits is played here
by a difference ' between the phases of the superconducting
order parameters. In the absence of current, ' is zero, but this
can be altered by inserting a particular type of superconducting
weak link, a so-called ⇡-junction1,2, yielding a phase shift of ⇡.
The fundamental property of superconducting weak links is a
2⇡-periodic current–phase relation. The supercurrent through
a conventional Josephson junction is usually described by the
harmonic relation Is = IC sin', where IC is the critical current,
whereas the ⇡-junction has the inverse current–phase relation
Is = IC sin(' +⇡) = �IC sin'. The ⇡-junctions were theoretically
proposed about three decades ago, whereas their remarkable
properties have been demonstrated in experiments notably
later6–8. Practical implementations of ⇡-junctions have been widely
discussed for a variety of different technologies. These include
approaches using superconductors with d-wave order parameter
symmetry7,9,10, circuits with non-equilibrium current injection8,
junctions with ferromagnetic layers6 and junctions with gated
carbon nanotubes11.
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and quantum circuits have been explored in several theoretical
proposals. In classical digital logic, a complementary Josephson
junction inverter12 was suggested as a superconducting analogue
of the complementary metal–oxide–semiconductor logic. It relies
on using superconducting quantum interference devices (SQUIDs)
of conventional (0-junctions) and ⇡-types and requires that 0-
and ⇡-junctions have similar IC and normal-state resistance. These
technologically stringent requirements can be softened by using
an alternative ‘asymmetric’ approach3 that employs ⇡-junctions as
passive phase shifters (phase inverters) in basic cells of the modified
single-flux-quantum (SFQ) logic. Here the ⇡-junction critical
current IC is chosen to be much larger than that of conventional
0-junctions employed in the very same SFQ cell, so the phase
difference across the ⇡-junction is always close to ⇡ even at zero
magnetic field. As the total change of the order parameter’s phase
over the closed path must become a multiple of 2⇡, the ‘missing’
phase difference of ⇡ or �⇡ is induced on the remaining part of the
cell by a spontaneously generated superconducting current.
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passive phase shifters offers an advantage for the operation of
superconducting flux qubits at the degeneracy point requiring zero
or a very small external magnetic field. Potentially, this allows
noise and electromagnetic interference induced by magnetic field
sources to be minimized. There remains an open question: do
⇡-junctions themselves introduce any intrinsic decoherence when
they are inserted into a superconduction quantum circuit?

The origin of the ⇡-state in a superconductor/ferromagnet/
superconductor (SFS) junction is an oscillating and sign-reversing
superconducting order parameter in the ferromagnet close to
the superconductor/ferromagnet interface2,13. Owing to these
oscillations, different signs of the order parameter can occur
at the two banks of the SFS sandwich when the ferromagnetic
layer thickness is of the order of half an oscillation period,
which corresponds to a sign change of the supercurrent and
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The ideas of using ⇡-junctions in superconducting classical
and quantum circuits have been explored in several theoretical
proposals. In classical digital logic, a complementary Josephson
junction inverter12 was suggested as a superconducting analogue
of the complementary metal–oxide–semiconductor logic. It relies
on using superconducting quantum interference devices (SQUIDs)
of conventional (0-junctions) and ⇡-types and requires that 0-
and ⇡-junctions have similar IC and normal-state resistance. These
technologically stringent requirements can be softened by using
an alternative ‘asymmetric’ approach3 that employs ⇡-junctions as
passive phase shifters (phase inverters) in basic cells of the modified
single-flux-quantum (SFQ) logic. Here the ⇡-junction critical
current IC is chosen to be much larger than that of conventional
0-junctions employed in the very same SFQ cell, so the phase
difference across the ⇡-junction is always close to ⇡ even at zero
magnetic field. As the total change of the order parameter’s phase
over the closed path must become a multiple of 2⇡, the ‘missing’
phase difference of ⇡ or �⇡ is induced on the remaining part of the
cell by a spontaneously generated superconducting current.

The first proposal for using a loop with an integrated ⇡-junction
as a superconducting quantum circuit4,5 featured a superposition
of two persistent current states in a loop at zero magnetic field,
in analogy to a spin-1/2 system. The ⇡-junctions required here
must have very low dissipation (high normal resistance), which so
far has seemed unattainable for any of the existing technologies
for making ⇡-junctions. The alternative usage of ⇡-junctions as
passive phase shifters offers an advantage for the operation of
superconducting flux qubits at the degeneracy point requiring zero
or a very small external magnetic field. Potentially, this allows
noise and electromagnetic interference induced by magnetic field
sources to be minimized. There remains an open question: do
⇡-junctions themselves introduce any intrinsic decoherence when
they are inserted into a superconduction quantum circuit?

The origin of the ⇡-state in a superconductor/ferromagnet/
superconductor (SFS) junction is an oscillating and sign-reversing
superconducting order parameter in the ferromagnet close to
the superconductor/ferromagnet interface2,13. Owing to these
oscillations, different signs of the order parameter can occur
at the two banks of the SFS sandwich when the ferromagnetic
layer thickness is of the order of half an oscillation period,
which corresponds to a sign change of the supercurrent and
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Figure 1 | Complementary d.c.-SQUIDs. a, Schematic of a complementary
d.c.-SQUID employing two conventional Josephson junctions (red crosses)
and a ⇡-junction (orange star). b, Schematic of a conventional d.c.-SQUID
used as a reference device. c, A scanning electron micrograph of the
fabricated d.c.-SQUIDs. The ferromagnetic layer is shown in orange.
d, Schematic cross-section through an SFS ⇡-junction. e, Dependencies of
the critical currents of the devices shown in c versus the applied magnetic
field. The red curve related to the ⇡-SQUID is shifted by half a period. The
modulation amplitude is limited, as the factor 2LIC ⇡ 0.85 �0.

a negative Josephson coupling energy. This behaviour was
first observed experimentally on Nb/CuNi/Nb sandwiches in
ref. 6. Further experiments reported the spontaneous flux14
and half-periodical shifts of the superconducting interferometer
IC(H ) dependence15 as well as a sign change of the junction
current–phase relation16. Recently, the critical current density
of the Nb/Cu0.47Ni0.53/Nb ⇡-junctions was pushed above
1,000 A cm�2 (ref. 17). These junctions are compatible with
conventional niobium thin-film technology and thus can be

easily integrated in the conventional fabrication process of
superconducting digital circuits.

To verify the operation of ⇡-junction phase shifters in an
analogue regime, we fabricated two geometrically identical super-
conducting loops (see schematic in Fig. 1a,b) on a single Si substrate
(see Fig. 1c). The circuit Fig. 1b is a two-junction interferometer
conventionally called a d.c.-SQUID. The configuration of the circuit
in Fig. 1a is nominally identical to that in Fig. 1b, except that an
SFS ⇡-junction has been inserted in the left branch of the loop,
seen in the lower left corner of the circuit image in Fig. 1c. The
on-chip distance between the centres of the two loops is 140 µm,
so both interferometers are exposed to the same magnetic field
during the experiment. The ⇡-junction critical current is much
larger than those of the tunnel junctions. Therefore, during the
dynamic switchings in the rest of the circuit, ⇡-junctions do not
introduce any noticeable phase shifts deviating from⇡.

The dependencies of the critical currents IC(H ) of the two
devices shown in Fig. 1a,b are presented in Fig. 1e. Whereas both
curves have the same shape, they are shifted by a half-period.
A small offset of the symmetry axes for both curves from the
zero-field value is due to a small residual magnetic field in the
cryostat. The minimum of the red IC(H ) curve at zero field is due
to inclusion of the ⇡-junction in the superconducting loop. In the
conventional SQUID, the same frustrated state exists at an external
magnetic field corresponding to half-integer numbers of magnetic
flux quanta per cell. Thus, embedding an SFS ⇡-phase shifter into a
superconducting loop indeed leads to self-biasing of the loop by a
spontaneously induced supercurrent.

In the second experiment, we demonstrate the functionality of
the ⇡-phase shifter included in a superconducting logic circuit.
The SFQ logic circuits enable processing of information in the
form of single flux quanta that can be stored in elementary
superconducting cells including inductors and Josephson junctions.
Dynamically, this information is represented by SFQ voltage
pulses18 having a quantized area

R
V (t ) dt =�0 and corresponding

to the transfer of one flux quantum across a Josephson junction.
The first SFQ circuits with active ⇡-elements were made of
high-TC superconductor (YBa2Cu3O7��) employing d-wave pairing
symmetry combined with conventional low-TC superconductor
(Nb; ref. 19). Operation of the circuits with the phase shifting
element based on frozen flux quanta20 has been tested earlier in
ref. 21. Here we present the first demonstration of the functionality
of an SFS ⇡-phase shifter integrated in a conventional Nb SFQ
circuit. Figure 2 shows the layout and operation of our test SFQ
circuit, represented by a two-stage frequency divider.

Another attractive application of SFS ⇡-junctions is their
use as phase shifters in coherent quantum circuits realizing
superconducting quantum bits. The answer to the question of
whether or not ⇡-junctions can become useful in superconducting
circuits designed for quantum computing applications depends on
their impact on the coherence properties of the qubits. Potential
sources of decoherence introduced by ⇡-junctions can for instance
be spin-flips in the ferromagnetic barrier22, either occurring
randomly or being driven by high-frequency currents and fields, as
well as the dynamic response of the magnetic domain structure23.
We address these important coherence issues in a third experiment
reported in this letter, in which we use an SFS ⇡-junction to
self-bias a superconducting phase qubit. We have chosen here a
phase qubit24 rather than a flux qubit25 because of the simpler
fabrication procedure for the former. The results reported below
would nevertheless remain fully applicable to flux qubits.

A phase qubit24 consists of a single Josephson junction
embedded in a superconducting loop. It is magnetically biased
close to an integer number of flux quanta in the loop. At such
a bias, the potential energy of the qubit exhibits an asymmetric
double-well potential, whereas two quantized energy eigenvalues of
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Figure 1 | Complementary d.c.-SQUIDs. a, Schematic of a complementary
d.c.-SQUID employing two conventional Josephson junctions (red crosses)
and a ⇡-junction (orange star). b, Schematic of a conventional d.c.-SQUID
used as a reference device. c, A scanning electron micrograph of the
fabricated d.c.-SQUIDs. The ferromagnetic layer is shown in orange.
d, Schematic cross-section through an SFS ⇡-junction. e, Dependencies of
the critical currents of the devices shown in c versus the applied magnetic
field. The red curve related to the ⇡-SQUID is shifted by half a period. The
modulation amplitude is limited, as the factor 2LIC ⇡ 0.85 �0.

a negative Josephson coupling energy. This behaviour was
first observed experimentally on Nb/CuNi/Nb sandwiches in
ref. 6. Further experiments reported the spontaneous flux14
and half-periodical shifts of the superconducting interferometer
IC(H ) dependence15 as well as a sign change of the junction
current–phase relation16. Recently, the critical current density
of the Nb/Cu0.47Ni0.53/Nb ⇡-junctions was pushed above
1,000 A cm�2 (ref. 17). These junctions are compatible with
conventional niobium thin-film technology and thus can be

easily integrated in the conventional fabrication process of
superconducting digital circuits.

To verify the operation of ⇡-junction phase shifters in an
analogue regime, we fabricated two geometrically identical super-
conducting loops (see schematic in Fig. 1a,b) on a single Si substrate
(see Fig. 1c). The circuit Fig. 1b is a two-junction interferometer
conventionally called a d.c.-SQUID. The configuration of the circuit
in Fig. 1a is nominally identical to that in Fig. 1b, except that an
SFS ⇡-junction has been inserted in the left branch of the loop,
seen in the lower left corner of the circuit image in Fig. 1c. The
on-chip distance between the centres of the two loops is 140 µm,
so both interferometers are exposed to the same magnetic field
during the experiment. The ⇡-junction critical current is much
larger than those of the tunnel junctions. Therefore, during the
dynamic switchings in the rest of the circuit, ⇡-junctions do not
introduce any noticeable phase shifts deviating from⇡.

The dependencies of the critical currents IC(H ) of the two
devices shown in Fig. 1a,b are presented in Fig. 1e. Whereas both
curves have the same shape, they are shifted by a half-period.
A small offset of the symmetry axes for both curves from the
zero-field value is due to a small residual magnetic field in the
cryostat. The minimum of the red IC(H ) curve at zero field is due
to inclusion of the ⇡-junction in the superconducting loop. In the
conventional SQUID, the same frustrated state exists at an external
magnetic field corresponding to half-integer numbers of magnetic
flux quanta per cell. Thus, embedding an SFS ⇡-phase shifter into a
superconducting loop indeed leads to self-biasing of the loop by a
spontaneously induced supercurrent.

In the second experiment, we demonstrate the functionality of
the ⇡-phase shifter included in a superconducting logic circuit.
The SFQ logic circuits enable processing of information in the
form of single flux quanta that can be stored in elementary
superconducting cells including inductors and Josephson junctions.
Dynamically, this information is represented by SFQ voltage
pulses18 having a quantized area

R
V (t ) dt =�0 and corresponding

to the transfer of one flux quantum across a Josephson junction.
The first SFQ circuits with active ⇡-elements were made of
high-TC superconductor (YBa2Cu3O7��) employing d-wave pairing
symmetry combined with conventional low-TC superconductor
(Nb; ref. 19). Operation of the circuits with the phase shifting
element based on frozen flux quanta20 has been tested earlier in
ref. 21. Here we present the first demonstration of the functionality
of an SFS ⇡-phase shifter integrated in a conventional Nb SFQ
circuit. Figure 2 shows the layout and operation of our test SFQ
circuit, represented by a two-stage frequency divider.

Another attractive application of SFS ⇡-junctions is their
use as phase shifters in coherent quantum circuits realizing
superconducting quantum bits. The answer to the question of
whether or not ⇡-junctions can become useful in superconducting
circuits designed for quantum computing applications depends on
their impact on the coherence properties of the qubits. Potential
sources of decoherence introduced by ⇡-junctions can for instance
be spin-flips in the ferromagnetic barrier22, either occurring
randomly or being driven by high-frequency currents and fields, as
well as the dynamic response of the magnetic domain structure23.
We address these important coherence issues in a third experiment
reported in this letter, in which we use an SFS ⇡-junction to
self-bias a superconducting phase qubit. We have chosen here a
phase qubit24 rather than a flux qubit25 because of the simpler
fabrication procedure for the former. The results reported below
would nevertheless remain fully applicable to flux qubits.

A phase qubit24 consists of a single Josephson junction
embedded in a superconducting loop. It is magnetically biased
close to an integer number of flux quanta in the loop. At such
a bias, the potential energy of the qubit exhibits an asymmetric
double-well potential, whereas two quantized energy eigenvalues of
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Figure 4 | Rabi oscillations between the ground and the excited qubit
states resulted from resonant microwave driving. a,b, Rabi oscillations
observed in the phase qubit with an embedded ⇡-junction (a) and a
conventional phase qubit made on the same wafer as a reference (b). Each
data set was taken using the indicated microwave power as delivered by
the generator, giving rise to a change in the coherent oscillation frequency
as expected for Rabi oscillation.

with the characteristic Josephson frequency of our SFS ⇡-junction.
Simplifying the expression for the relaxation time27 in this limit
(see Supplementary Information), we can theoretically estimate the
relaxation time ⌧relax as

⌧relax ⇡ 1

2I 2CRN,⇡

⇡ 2 ns (1)

Here, IC ⇡2 µA is the critical current of the small SIS qubit junction.
The estimated value of the energy relaxation time is of the same
order as the measured decoherence time of our reference qubit
without an SFS ⇡-junction. In fact, the theoretical estimate is valid
for the qubit operated as a flux qubit. In the phase qubit regime,
the relaxation time is expected to be longer because the amplitude
of the microwave current in the qubit loop is much smaller than
IC, allowing us to conclude that at least on the observable timescale
no extra decoherence is introduced by the SFS ⇡-phase shifter

employed in this circuit and that the decoherence in both qubits
is limited by some other mechanism. We note, however, that the
expected relaxation time equation (1) can be enhanced by using SFS
junctions having a smaller resistance RN,⇡.

In contrast to ⇡-junctions based on high-TC superconductor
junctions with d-wave pairing symmetry, SFS elements can have a
sufficiently large critical current, so that the desired ⇡-phase shift
remains reliably fixed during circuit operation. In distinction from
phase-shifting loops with a frozen magnetic flux20, the SFS circuits
are muchmore compact and do not require trapping a well-defined
integer number flux quanta in their superconducting loops.

As an outlook, a significant reduction in the size of the
demonstrated SFS ⇡-phase shifters for digital circuits is readily
possible, opening the way to scaling superconducting logic
circuits down to submicrometre dimensions3. The visualization
of the magnetic structure of our ferromagnetic layer material
shows domain sizes smaller than 100 nm. Therefore, we believe
that a reduction of the junction planar dimensions down to
300–500 nm is feasible. Furthermore, combining the high-jC ⇡-
junction technology with in-situ-grown tunnel barriers28,29 may
open the way towards active inverter elements that are in great
demand for superconducting electronics.

Methods
Samples. Details on the fabrication technique for tunnel Nb/Al/AlOx/Nb
junctions employed in complementary SQUID circuits are presented in ref. 30.
In brief, a three-layer Nb/Al/AlOx/Nb structure is deposited by magnetron
sputtering. The layers have thicknesses of 180, 7 and 80 nm, respectively.
Aluminium is oxidized in pure oxygen to form a tunnel barrier having a critical
current density of about 200A cm�2. The junction area, here 10 µm2, is defined
by reactive ion etching and subsequent SiO2 deposition. Resistive shunts in
parallel to the tunnel junctions are formed by a molybdenum layer with a specific
resistance of 2� per square.

For fabrication of SFS ⇡-junctions, the bottom Nb electrode with a thickness
of 110 nm was fabricated by d.c.-magnetron sputtering followed by a lift-off
process. A 15-nm-thick Cu0.47Ni0.53 layer (ferromagnetic layer) was deposited by
radiofrequency sputtering after ion cleaning of the niobium surface. Afterwards,
the insulating layer having a window that determines the junction area was
prepared by the lift-off process. We used a 150-nm-thick SiO film as the insulator,
which was thermally evaporated. The fabrication procedure was completed by Ar
plasma cleaning and d.c.-magnetron sputtering of the upper niobium electrode
of 240 nm thickness. A 10⇥ 10 µm2 junction normal resistance Rn is about
150 µ�. The critical currents of such ⇡-junctions are about 200 µA and hence
the junctions do not switch to the resistive state when embedded in loops with
conventional tunnel junctions having critical currents of about 10 µA. This large
difference between two critical currents means that during the dynamic switchings
in the rest of the circuit, ⇡-junctions do not introduce any noticeable phase
shifts deviating from ⇡.

The qubit circuit was fabricated in a standard Nb/Al–AlOx/Nb trilayer
process, whereas the ⇡-junction was integrated subsequently by carrying out the
further lithographic steps described above.

⇡-SFQ two-stage frequency divider dynamics. The circuit is fed by current Ib
through a network of resistors (top part of Fig. 2a), which provides current bias of
individual Josephson junctions on the level of approximately 70% of their critical
value IC. The positive edges of rectangular trigger pulses (Iin) are delivered to the
first dividing stage of the circuit by means of a Josephson transmission line (left part
of diagram in Fig. 2a) in the form of SFQ pulses. These pulses cause switching of this
first stage of the circuit, the toggle flip–flop (TFF) with an integrated SFS ⇡-phase
shifter, which replaces a large inductance required in the conventional counterpart
circuit for the realization of desired bistable behaviour. The output signal of the first
TFF in the form of SFQ pulses is sent to the second dividing stage, which is realized
as a conventional TFF circuit. The circuit output Vout time pattern shows a division
of the frequency of the input pulses by four (with 19%margins for the main circuit
parameters), which verifies its correct functioning.

Phase qubit operation. The qubit is controlled by inducing a small-amplitude
microwave current in the loop. The current frequency is tuned in resonance to the
|0i to |1i transition, giving rise to Rabi oscillation of the state population. Reading
out the qubit is accomplished by applying a short d.c. flux pulse to the qubit loop,
during which only the excited qubit state may tunnel to the neighbouring potential
well. As this tunnelling event entails a flux quantum entering the qubit loop,
reading out the qubit is concluded by a measurement of the flux threading the qubit
loop bymeans of an inductively coupled d.c.-SQUID.
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Superconducting qubits present a scalable solid state
approach to building a quantum information processor [1].
Recent superconducting qubit experiments have demon-
strated single and two-qubit gate operations with fidelities
exceeding 99%, placing fault tolerant quantum computa-
tion schemes within reach [2]. While there are many
different implementations of superconducting qubits [3–5],
the key element is the Josephson junction (JJ), a weak link
between superconducting electrodes. The JJ provides the
necessary nonlinearity for nondegenerate energy level spac-
ings, allowing the lowest two levels to define the qubit j0i
and j1i states. Almost without exception, JJs for super-
conducting qubits are fabricated using an insulating Al2O3

tunnel barrier between superconducting electrodes [6].
Such superconductor-insulator-superconductor (SIS) junc-
tions have a Josephson coupling energy, EJ ¼ ℏIc=2e,
where Ic is the junction critical current and e is the electron
charge, which is fixed and determined through fabrication.
Two SIS JJs are then typically arranged in a SQUID-loop
geometry to create a flux-tunable effective EJ.
Previous work has demonstrated superconductor-

normal-superconductor (SNS) JJs where the normal element
is a semiconductor [7,8]. Introducing a semiconductor
allows EJ for a single junction to be readily tuned by an
electric field that controls the carrier density of the normal
region and thus the coupling of the superconductors. InAs
nanowires allow for high quality field effect JJs due to the
highly transparent Schottky barrier-free SN interface [9].
The recent development of InAs nanowires with epitaxially
grown Al contacts yields an atomically precise SN interface
and extends the paradigmof nanoscale bottom-up technology
for superconducting JJ-based devices [10–12].
In this Letter, we present a superconducting transmon

qubit based on a single epitaxial InAs-Al core-shell nano-
wire JJ element [13,14]. We demonstrate coherent oper-
ation of this semiconductor-superconductor hybrid qubit

with coherence times of order 1 μs for the first generation
of devices. We also show that the semiconductor JJ affords
simple control of the qubit transition frequency by using an
electrostatic gate to tune EJ. For this reason, we refer to our
hybrid qubit as a gate tunable transmon, or “gatemon.”
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FIG. 1 (color online). InAs nanowire-based superconducting
transmon qubit. (a) Scanning electron micrograph of the InAs-Al
JJ. A segment of the epitaxial Al shell is etched to create a
semiconducting weak link. Inset shows a transmission electron
micrograph of the epitaxial InAs=Al interface. (b)–(c) Optical
micrographs of the completed gatemon device. The nanowire JJ
is shunted by the capacitance of the T-shaped island to the
surrounding ground plane. The center pin of the coupled trans-
mission line cavity is indicated in (c). (d) Schematic of the
readout and control circuit.
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qubit frequency, in turn, pulls on the cavity resonance,
resulting in the observed response. The split cavity peaks
indicate hybridized qubit and cavity states in the strong
coupling regime. The coupling strength g is found to
exceed the qubit and cavity decoherence rates, allowing
the vacuum Rabi splitting to be resolved [20]. Writing the
hybridized qubit-cavity state frequencies as f! ¼h
fQþfC!

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðfQ−fCÞ2þ4ðg=2πÞ2

q i
=2, Fig. 2(c) shows

the splitting δ ¼ fþ − f− as a function of the qubit
frequency fQ. From the fit to the data we extract
g=2π ¼ 99 MHz. A parametric plot [Fig. 2(d)] of the
data in Fig. 2(a), as a function of the extracted fQ, reveals
the avoided crossing for the hybridized qubit-cavity
states [20].
Demonstrations of qubit control were performed in the

dispersive regime, jfQ − fCj ≫ g=2π. Figure 3(a) shows
fQ as a function of gate voltage VG obtained by measuring
the qubit-state-dependent cavity response following a

second 2 μs microwave tone. When the qubit drive was
on resonance with fQ, a peak in the cavity response was
observed, yielding a reproducible gate voltage dependence.
At a fixed gate voltage [point b in Fig. 3(a)] we measure in
Fig. 3(b) the cavity response while varying the qubit drive
frequency and the length of the qubit microwave pulse to
observe coherent Rabi oscillations. Data in the main panel
of Fig. 3(b) were acquired over several hours, highlighting
the stability of the device.
While pulsed microwaves allow rotations about axes in

the X-Y plane of the Bloch sphere, rotations about the Z
axis may be performed by adiabatically pulsing VG to
detune the qubit resonance frequency. Such dynamic
control of the qubit frequency is important for fast two
qubit gate operations where the resonant frequencies of two
coupled qubits are brought close to each other [2,21].
Figure 3(c) shows Z rotations performed by first applying
an Rπ=2

X pulse to rotate into the X-Y plane of the Bloch
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FIG. 3 (color online). Gatemon spectroscopy and coherent control. (a) The qubit resonance frequency as a function of gate voltage VG
is observed as a distinct feature. (b) Coherent Rabi oscillations are performed at point b in (a) (VG ¼ 3.4 V) by applying microwave
pulse for time τ to drive the qubit followed by a readout microwave pulse to probe the cavity response. The main panel shows coherent
qubit oscillations as a function of driving frequency and τ. The lower panel shows coherent oscillations at the qubit resonant frequency,
corresponding to rotations about the X axis of the Bloch sphere. (c) Coherent oscillations about the Z axis of the Bloch sphere
are performed at point c in (a) (VG ¼ 3.27 V) by applying a gate voltage pulse ΔVG to detune the qubit resonance frequency for time τ.
A 15 ns Rπ=2

X microwave pulse is first applied to rotate the qubit into the X-Y plane of the Bloch sphere and, following the gate pulse, a
second Rπ=2

X microwave pulse is used to rotate the qubit out of the X-Y plane for readout. The main panel shows coherent Z rotations as a
function ofΔVG and τ. The main panel inset shows the simulated qubit evolution based onΔfQðVGÞ extracted from (a). The lower panel
shows coherent Z oscillations as a function of τ for ΔVG ¼ 20.9 mV. In both (b) and (c) the demodulated cavity response VH
is converted to a normalized qubit state probability pj1i by fitting X rotations to a damped sinusoid of the form V0

H þ
ΔVH expð−τ=TRabiÞ sinðωτ þ θÞ to give pj1i ¼ ðVH − V0

HÞ=2ΔVH þ 1=2. The solid curves in the lower panels of (b) and (c) are
also fits to exponentially damped sine functions.
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127001-3 sphere followed by a negative voltage pulse ΔVG, which
causes the qubit state to precess about the Z axis at the
difference frequency, ΔfQ ¼ fQðVG − ΔVGÞ − fQðVGÞ.
Finally, a second Rπ=2

X pulse was applied to rotate the qubit
out of the X-Y plane and measure the resulting qubit state.
The observed precession frequency is consistent with the
ΔfQ predicted from the spectroscopy data in Fig. 3(a)
[Fig. 3(c) main panel inset].
Gatemon coherence times were measured quantitatively

in both devices [Fig. 4]. The relaxation time T1 was
measured by initializing the qubit to j1i and varying the
waiting time τ before readout, giving T1 ¼ 0.56 μs for the
first device, measured at operating point b in Fig. 3(a).
The decay envelope of a Ramsey measurement [Fig. 4(a),
right panel] gives a dephasing time, T$

2 ¼ 0.91 μs at the
same operating point. Noting that T$

2 ≈ 2T1, we conclude
that at this operating point, coherence was limited by
energy relaxation. Figure 4(b) shows coherence times for
the second sample, showing a slightly longer relaxation

time, T1 ¼ 0.83 μs [Fig. 4(b), left panel]. In this device,
inhomogeneous dephasing time was shorter, T$

2 ¼ 0.73 μs.
In Fig. 4(b) right panel (in red) we show that applying a
Hahn echo pulse sequence, which effectively cancels low
frequency noise in fQ, increases the dephasing time to
Techo ¼ 0.95 μs. This indicates a greater degree of low
frequency noise in EJðVGÞ in the second device. The
observation that Techo does not reach 2T1 indicates that
higher frequency noise fluctuations faster than τ also
contributes to dephasing.
Coherence times for these first-generation gatemon

devices are comparable to SIS transmons reported a few
years ago, where typically T$

2 ∼ T1 ∼ 2 μs [22]. Longer
coherence times, T$

2 ∼ 15 and T1 ∼ 40 μs, have since been
reported for planar flux-tunable SIS transmon devices
through careful optimization [16]. Following these devel-
opments, we anticipate that our gatemon relaxation times
can be substantially improved by removing the SiO2

dielectric layer [23] and more careful sample processing
to reduce interface losses in the capacitor [24], along with
increased magnetic and infrared radiation shielding
[25,26]. This should in turn extend dephasing times and
allow for the low frequency noise spectrum to be charac-
terized using dynamical decoupling [3]. Electrical noise
coupling to EJðVGÞ due to charge traps at the nanowire
surface, along with disorder-induced fluctuations in
EJðVGÞ, could potentially be reduced through InAs surface
passivation [27].
Frequency control of conventional flux-tunable SIS

transmons is typically achieved using on-chip supercon-
ducting current loops. The large (mA scale) currents used to
control flux-tunable transmons makes scaling to many
qubits difficult using control electronics that pass into
the cryogenic environment through normal coax lines,
filters, and attenuators. On-chip voltage pulses are rela-
tively easily screened, compared to flux pulses, which will
reduce cross talk between qubit control lines. Gatemons,
with voltage tunable fQ, also offer new possibilities for
large scale superconducting architectures. For instance,
FET-based cryogenic multiplexers [28,29] have recently
been developed for millikelvin temperatures and would be
well suited to gate control of large multi-gatemon
circuits.
Finally, we note that the epitaxial InAs-Al nanowires are

expected to support Majorana bound states [30,31] due to
the strong spin-orbit coupling and large g factor (∼10) of
InAs. Recent theoretical work has proposed using trans-
mons to manipulate and probe topologically protected
qubits built from Majorana bound states [32,33]. The
absence of flux control may particularly suit gatemons
for operation in magnetic fields required for Majorana
bound states, allowing InAs nanowire-based gatemons to
be readily coupled to topological qubits made using the
same material technology.

FIG. 4 (color online). Gatemon quantum coherence. (a) Left
panel shows a lifetime measurement for sample 1 at point b in
Fig. 3(a) (VG ¼ 3.4 V). A 30 ns Rπ

X pulse excites the qubit to the
j1i state and we vary the wait time τ before readout. The solid line
is a fit to an exponential curve. The right panel shows a Ramsey
experiment used to determine T$

2 for sample 1 with the wait time,
τ, between two slightly detuned 15 ns Rπ=2

X pulses varied before
readout. The solid curve is a fit to an exponentially damped
sinusoid. (b) We repeat the lifetime and Ramsey experiments as in
(a) for sample 2 with fQ ¼ 4.426 GHz (VG ¼ −11.3 V). In red,
we perform a Hahn echo experiment by inserting an Rπ

X pulse
between two Rπ=2

X pulses. The decay envelope is measured by
varying the phase ϕ of the second π=2 microwave pulse and
extracting the amplitude of the oscillations. The solid red line is a
fit to an exponential curve.
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Breakdown of the escape dynamics in Josephson junctions
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We have identified anomalous behavior of the escape rate out of the zero-voltage state in Josephson junctions
with a high critical current density Jc. For this study we have employed YBa2Cu3O7-x grain boundary junctions,
which span a wide range of Jc and have appropriate electrodynamical parameters. Such high Jc junctions,
when hysteretic, do not switch from the superconducting to the normal state following the expected stochastic
Josephson distribution, despite having standard Josephson properties such as a Fraunhofer magnetic field pattern.
The switching current distributions (SCDs) are consistent with nonequilibrium dynamics taking place on a local
rather than a global scale. This means that macroscopic quantum phenomena seem to be practically unattainable
for high Jc junctions. We argue that SCDs are an accurate means to measure nonequilibrium effects. This
transition from global to local dynamics is of relevance for all kinds of weak links, including the emergent family
of nanohybrid Josephson junctions. Therefore caution should be applied in the use of such junctions in, for
instance, the search for Majorana fermions.

DOI: 10.1103/PhysRevB.92.054501 PACS number(s): 74.50.+r, 74.40.Gh, 74.78.Na, 85.25.Cp

I. INTRODUCTION

Rich physics, such as the Josephson effect [1], quantum
coherence [2,3], and quantum interference [4], arise when
two coherent quantum systems are weakly coupled. Some
examples of systems that exhibit such physics are supercon-
ducting Josephson junctions [5], the flow of superfluid 4He
through an array of nanoapertures [6], and the observation
of the Josephson effect in Bose-Einstein condensates [7].
Superconductors have traditionally held a special place as
test-bench systems for these kinds of quantum phenomena due
to the ease of scaling and integrating them into real quantum
devices, offering a high degree of measurability and control of
a macroscopic wave function.

Every experiment or application using a superconducting
weak link is based on how the phase difference ϕ between
the electrodes evolves in time and space [1,2,5,8]. The large
variety of barriers now available between the superconducting
electrodes offer novel functionalities and efficient tuning
of physical processes occurring at the nanoscale and at
different interfaces [9–13]. A recent example is the proposal
to use the Josephson effect for the detection of the Majorana
fermions [14].

Progress in material science in producing a larger variety
of interfaces and in nanotechnologies applied to supercon-
ductivity is promoting a rethinking of the phase dynamics
of Josephson junctions (JJs). Here we give evidence of a
breakdown of a fundamental tenet of the Josephson effect:
the transition from the superconducting to the normal state
does not follow the expected stochastic Josephson phase
dynamics, but has a more intriguing balance between local

*dmassarotti@na.infn.it

and global energy processes. The onset of nonequilibrium
effects is the key to describe the local processes, which may
radically change perspectives on how to interpret the physics
and make predictions on the performances of a large variety
of “smart” Josephson devices. We measure switching current
distributions (SCDs) which codify the very general process
of the escape of a particle (phase) from a potential well in a
JJ [2,5], keeping track in our case of nonequilibrium effects.
Roughly speaking, SCDs are obtained in JJs with hysteretic
current-voltage (I -V ) characteristics by counting the number
of times the system switches from the superconducting to
the resistive state within a small window of bias current,
when ramping forth and back the bias current. Thermally
activated processes are well understood in JJs both in the
underdamped [15–17] and in the moderately damped [18]
regime. The transition to the macroscopic quantum tunneling
regime has been theoretically [19–21] and experimentally
[22–24] widely investigated. SCD measurements focus on
“the very moment” at which resistance originates in super-
conducting weak links. Thus we use the power of encoding
information of nonequilibrium local processes in fluctuations
to characterize these dynamical processes.

In the resistively and capacitively shunted junction (RCSJ)
model [5], the damping parameter Q = ωpRC is proportional
to the square root of Ic via the plasma frequency ωp =
(2eIc/!C)1/2 at zero bias current, where R and C are the
resistance and capacitance, respectively. In a more general
approach, Q has a frequency dependence [18,25], which
includes the effects of the external shunting impedance. A
junction cannot sustain an unlimited increase in the critical
current Ic and thus in the quality factor Q through larger critical
current density Jc while still preserving all the properties of
the Josephson effect and all the features of the underdamped
regime in the I -V curves.

1098-0121/2015/92(5)/054501(7) 054501-1 ©2015 American Physical Society
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We consider a long superconductor-ferromagnet-superconductor junction with one spin-active region.

It is shown that an odd number of Cooper pairs cannot have a long-range propagation when there is only

one spin-active region. When the temperature is much lower than the Thouless energy, the coherent

transport of two Cooper pairs becomes the dominant process and the superharmonic current-phase relation

is obtained (I / sin2!).
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The interplay between superconducting and ferromag-
netic ordering has been the subject of intensive theoretical
and experimental research [1–9]. It has been predicted
that the hybrid systems containing superconductors (S)
and ferromagnets (F) allow the realization of Josephson
" junctions, I / sinð!þ "Þ [1]. The spectral decomposi-
tion of the Josephson current-phase relation (CPR) gives
I ¼ I1 sin!þ I2 sin2! . . . . At the transition between the 0
and the " phases, I1 vanishes, and it is possible to obtain
dominant second harmonic (I2) in the CPR. Unfortunately,
the 0-" coexistence is very sensitive to the temperature
changes and interface roughness [2].

The experimental realizations of " junctions remained
elusive for a long time; the breakthrough came with the
fabrication of weak ferromagnets [3]. Indeed, it has been
recognized that the proximity effect in a ferromagnet is
short-ranged. The electron and hole excitations acquire a
nonzero relative phase in the ferromagnet between the
scatterings from the two superconductor-ferromagnet
(SF) interfaces [1]; the different orbital modes acquire
different phases that add up destructively after summation.
A detailed analysis demonstrates that the proximity effect
in a superconductor-ferromagnet-superconductor (SFS)
junction is suppressed algebraically in the ballistic regime,
and exponentially in the diffusive one [4].

Quite recently, it was proposed that a SFS junction
with an inhomogeneous magnetization in the F layer can
generate a triplet pairing and can support a long-range
Josephson current [4]. Subsequent theoretical and experi-
mental research showed that in order to have dominant
triplet pairing a SFS junction with two spin-active regions
is required [5–8].

Motivation for this Letter is our previous numerical
calculation [10], where clean and moderately disordered
SFS junctions were considered (with a one spin-active
interface), and the dominant second harmonic was obtained.

In this work, we consider a long SFS junction in the
ballistic regime. Assuming the presence of a spin-active
region on only one SF interface, we show that only the
phase coherent transport of an even number of Cooper
pairs is not suppressed by the exchange field. In particular,

the dominant contribution to the Josephson current stems
from the transport of two Cooper pairs. As a consequence,
the two times smaller flux quantum is obtained, leading to
more sensitive quantum interferometers (SQUIDs) [11]
and the half-integer Shapiro steps that can be experimen-
tally observed [9]. Another interesting property is the
coexistence of integer and half-integer fluxoid configura-
tions in SQUIDs, corresponding to the minima of the
triple-well potential energy [11]; this can be potentially
useful for experimental study of the quantum superposition
of macroscopically distinct states [12]. Also, junctions
with a nonsinusoidal current-phase relation are shown to
be promising for realization of ‘‘silent’’ phase qubits [13].
Last but not least, this result enables robust realization of
so-called ’ junctions [14].
It should be stressed that in contrast to the case of the

0-" transition the discovered effect is very robust: it is
insensitive to a weak disorder [10], temperature changes,
and the interface roughness. Nevertheless, relatively trans-
parent interfaces are required in order to observe the effect.
Before we proceed with a quantitative analysis of the

aforesaid effect, let us first give a simple and intuitive
description. Note that when a SF interface is spin-active,
there are two possibilities for Andreev reflection: the nor-
mal Andreev reflection (the spin projections of an electron
and the reflected hole are opposite) and the anomalous
Andreev reflection (an electron and the reflected hole
have the same spin projections) [15]. We consider sepa-
rately the phase coherent transport of one (I1) and two (I2)
Cooper pairs. The transport of a single Cooper pair is
suppressed by the exchange field because the electron
and the Andreev reflected hole have opposite spin projec-
tions (see Fig. 1). On the other hand, the transport of two
Cooper pairs has a long-range contribution stemming from
two normal and two anomalous Andreev reflections.
We consider a simple model of a ballistic SFS junction

consisting of two conventional (s-wave) superconductors,
a uniform single-domain ferromagnet, and only one spin-
active region. Andreev reflection requires relatively trans-
parent SF interfaces; thus, for simplicity we assume them
to be fully transparent. The spin-active region consists of a
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so-called ’ junctions [14].
It should be stressed that in contrast to the case of the

0-" transition the discovered effect is very robust: it is
insensitive to a weak disorder [10], temperature changes,
and the interface roughness. Nevertheless, relatively trans-
parent interfaces are required in order to observe the effect.
Before we proceed with a quantitative analysis of the

aforesaid effect, let us first give a simple and intuitive
description. Note that when a SF interface is spin-active,
there are two possibilities for Andreev reflection: the nor-
mal Andreev reflection (the spin projections of an electron
and the reflected hole are opposite) and the anomalous
Andreev reflection (an electron and the reflected hole
have the same spin projections) [15]. We consider sepa-
rately the phase coherent transport of one (I1) and two (I2)
Cooper pairs. The transport of a single Cooper pair is
suppressed by the exchange field because the electron
and the Andreev reflected hole have opposite spin projec-
tions (see Fig. 1). On the other hand, the transport of two
Cooper pairs has a long-range contribution stemming from
two normal and two anomalous Andreev reflections.
We consider a simple model of a ballistic SFS junction

consisting of two conventional (s-wave) superconductors,
a uniform single-domain ferromagnet, and only one spin-
active region. Andreev reflection requires relatively trans-
parent SF interfaces; thus, for simplicity we assume them
to be fully transparent. The spin-active region consists of a

PRL 107, 047001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
22 JULY 2011

0031-9007=11=107(4)=047001(4) 047001-1 ! 2011 American Physical Society

Long-Range Superharmonic Josephson Current

Luka Trifunovic
Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland

(Received 27 January 2011; published 18 July 2011)

We consider a long superconductor-ferromagnet-superconductor junction with one spin-active region.

It is shown that an odd number of Cooper pairs cannot have a long-range propagation when there is only

one spin-active region. When the temperature is much lower than the Thouless energy, the coherent

transport of two Cooper pairs becomes the dominant process and the superharmonic current-phase relation

is obtained (I / sin2!).

DOI: 10.1103/PhysRevLett.107.047001 PACS numbers: 74.45.+c, 74.50.+r

The interplay between superconducting and ferromag-
netic ordering has been the subject of intensive theoretical
and experimental research [1–9]. It has been predicted
that the hybrid systems containing superconductors (S)
and ferromagnets (F) allow the realization of Josephson
" junctions, I / sinð!þ "Þ [1]. The spectral decomposi-
tion of the Josephson current-phase relation (CPR) gives
I ¼ I1 sin!þ I2 sin2! . . . . At the transition between the 0
and the " phases, I1 vanishes, and it is possible to obtain
dominant second harmonic (I2) in the CPR. Unfortunately,
the 0-" coexistence is very sensitive to the temperature
changes and interface roughness [2].

The experimental realizations of " junctions remained
elusive for a long time; the breakthrough came with the
fabrication of weak ferromagnets [3]. Indeed, it has been
recognized that the proximity effect in a ferromagnet is
short-ranged. The electron and hole excitations acquire a
nonzero relative phase in the ferromagnet between the
scatterings from the two superconductor-ferromagnet
(SF) interfaces [1]; the different orbital modes acquire
different phases that add up destructively after summation.
A detailed analysis demonstrates that the proximity effect
in a superconductor-ferromagnet-superconductor (SFS)
junction is suppressed algebraically in the ballistic regime,
and exponentially in the diffusive one [4].

Quite recently, it was proposed that a SFS junction
with an inhomogeneous magnetization in the F layer can
generate a triplet pairing and can support a long-range
Josephson current [4]. Subsequent theoretical and experi-
mental research showed that in order to have dominant
triplet pairing a SFS junction with two spin-active regions
is required [5–8].

Motivation for this Letter is our previous numerical
calculation [10], where clean and moderately disordered
SFS junctions were considered (with a one spin-active
interface), and the dominant second harmonic was obtained.

In this work, we consider a long SFS junction in the
ballistic regime. Assuming the presence of a spin-active
region on only one SF interface, we show that only the
phase coherent transport of an even number of Cooper
pairs is not suppressed by the exchange field. In particular,

the dominant contribution to the Josephson current stems
from the transport of two Cooper pairs. As a consequence,
the two times smaller flux quantum is obtained, leading to
more sensitive quantum interferometers (SQUIDs) [11]
and the half-integer Shapiro steps that can be experimen-
tally observed [9]. Another interesting property is the
coexistence of integer and half-integer fluxoid configura-
tions in SQUIDs, corresponding to the minima of the
triple-well potential energy [11]; this can be potentially
useful for experimental study of the quantum superposition
of macroscopically distinct states [12]. Also, junctions
with a nonsinusoidal current-phase relation are shown to
be promising for realization of ‘‘silent’’ phase qubits [13].
Last but not least, this result enables robust realization of
so-called ’ junctions [14].
It should be stressed that in contrast to the case of the

0-" transition the discovered effect is very robust: it is
insensitive to a weak disorder [10], temperature changes,
and the interface roughness. Nevertheless, relatively trans-
parent interfaces are required in order to observe the effect.
Before we proceed with a quantitative analysis of the

aforesaid effect, let us first give a simple and intuitive
description. Note that when a SF interface is spin-active,
there are two possibilities for Andreev reflection: the nor-
mal Andreev reflection (the spin projections of an electron
and the reflected hole are opposite) and the anomalous
Andreev reflection (an electron and the reflected hole
have the same spin projections) [15]. We consider sepa-
rately the phase coherent transport of one (I1) and two (I2)
Cooper pairs. The transport of a single Cooper pair is
suppressed by the exchange field because the electron
and the Andreev reflected hole have opposite spin projec-
tions (see Fig. 1). On the other hand, the transport of two
Cooper pairs has a long-range contribution stemming from
two normal and two anomalous Andreev reflections.
We consider a simple model of a ballistic SFS junction

consisting of two conventional (s-wave) superconductors,
a uniform single-domain ferromagnet, and only one spin-
active region. Andreev reflection requires relatively trans-
parent SF interfaces; thus, for simplicity we assume them
to be fully transparent. The spin-active region consists of a

PRL 107, 047001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
22 JULY 2011

0031-9007=11=107(4)=047001(4) 047001-1 ! 2011 American Physical Society

ferromagnetic spacer layer with the magnetization noncol-
linear to that of the F layer.

The Josephson current is calculated using the scattering
approach [16]. The knowledge of scattering matrices (S
matrices) of both SF interfaces is sufficient to obtain the
Josephson current in the ballistic regime. Each of these
matrices relates the amplitudes of the excitations propagat-
ing towards the corresponding SF interface to the excita-
tion propagation away from it. There is no orbital channel
mixing in the ballistic regime, but only mixing of different
spin channels (due to the spin-active region) and the
particle-hole mixing (due to superconductors). Ergo, the
dimension of the S matrix is 4! 4—we write all matrices
in the Kronecker product of particle-hole and spin spaces.
The Josephson current is given by [16]

I ¼ # 2ekBT@ d

d!

X1

n¼0

ln det½1#Rði!nÞR0ði!nÞ'; (1)

where R0 and R are S matrices of the two SF interfaces,
while the phases acquired upon propagation through the
F region are included in one of these matrices. !n ¼
ð2nþ 1Þ"kBT are the Matsubara frequencies and ! is
the phase difference between the two superconductors.

In order to calculate the S matrix, one has to solve the
Bogoliubov–de Gennes equation for each SF interface.
Here we take a simpler approach and express the S matrix
(R) in terms of a S matrix of a SN interface [2,15], where
N stands for a normal-nonferromagnetic layer. By so
doing, we neglect the difference in the number of spin-up
and -down modes in the ferromagnet. This approximation
is also assumed in the quasiclassical approach and is
justified for a weak exchange field in the ferromagnet [17].

The S matrix of a transparent SN interface reads

RAð";!Þ ¼ #ð"Þ 0 i$2e
i!

#i$2e
#i! 0

! "
; (2)

where #ð"Þ ¼ e#i arccosð"=!Þ and $2 is the second Pauli
matrix. For the ferromagnetic spacer layer (spin-active
region), the S matrix is

SF ¼ 0 U
U 0

! "
; U ¼ eið%þ&m)!Þ=2; (3)

where m ¼ ðsin' cosc ; sin' sinc ; cos'Þ is the magnetiza-
tion orientation in the ferromagnetic spacer layer. The
difference of the phase shifts of spin-up and spin-down
electrons upon propagating through the ferromagnetic
spacer layer is denoted by & ¼ (" # (#, while % ¼ (" þ
(#. Here the spin-up (spin-down) is defined with respect to
the magnetization axis in the F layer. These phases depend
on the orbital channel index ), but for the sake of nota-
tional simplicity we have suppressed the index. We also
assume that the ferromagnetic spacer layer thickness is
much smaller than the superconducting coherence length
(L0 * *S), so that the energy dependence of & and % can
be ignored. Combining these scattering matrices we obtain
the scattering matrix of the SF interface with the spin-
active region

R ð"Þ ¼ #ð"Þ 0 #r̂+hee
i!

r̂hee
#i! 0

! "
; (4)

with

r̂ he ¼ #ieic sin' sin& # cos&þ i cos' sin&
cos&þ i cos' sin& ie#ic sin' sin&

! "
:

(5)

For the SF interface without the spin-active region, we
also include the phases acquired in the F layer and obtain

R 0ð"Þ ¼ Tð"ÞRAð"; 0ÞTð"Þ; (6)

with T ¼ eidiag½k);"ð"Þ;k);#ð"Þ;#k);"ð#"Þ;#k);#ð#"Þ'L; k);"# is the
longitudinal component of the wave vector in the orbital
mode) (spin-up or -down), and L is the F layer thickness.
In order to perform the integration over orbital modes,

we put &) ¼ Z0= cos", where Z0 ¼ 2h0L0=ð@vFÞ; h0 is the
exchange energy in the spacer layer which is assumed to be
small (h0 * EF), and" is the angle between the excitation
velocity and the junction axis. Also, in the Andreev
approximation k);"#ð"Þ ¼ ðkF , h=@vF þ "=@vFÞ= cos",
where h is the exchange energy in the F layer (h * EF).
Setting L0 ¼ 0 (no spin-active layer) recovers the result
previously obtained from the quasiclassical approach [11],
where the following expression relates the scattering to the
quasiclassical approach (see also Ref. [18]):

X

$

g$ð"Þ # g$ð#"Þ
2

¼ e2RN

i"@ d

d!
ln detð1#RR0Þ;

(7)

FIG. 1 (color online). The first two harmonics in the Josephson
current-phase relation. The first one (I1) consists of two normal
Andreev reflections from SF interfaces. The second one (I2) has
two contributions: the one with four normal Andreev reflections
(short-range), the other with two normal and two anomalous
Andreev reflections (long-range, total phase acquired in F layer
is zero). The solid (dotted) lines represent electron (hole) ex-
citations in the F layer. The red (vertical) arrows represent spin
projections, while the black (horizontal) arrows denote the
excitation velocity direction. The right SF boundary (hatched)
is spin-active.
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The interplay between ferromagnetism and supercon-
ductivity in hybrid structures is an active area of research
[1,2]. In a homogeneous ferromagnet (F) adjacent to a
conventional superconductor (S), superconducting correla-
tions between pairs of electrons are induced in both the
spin singlet channel and the triplet channel without spin
projection along the magnetization axis. This proximity
effect is short-ranged due to the dephasing of electrons
with opposite spins induced by the ferromagnetic exchange
field. On the other hand, in the presence of a noncollinear
magnetic configuration, a long-range proximity effect can
be induced in the triplet channels with parallel electron
spins, as no such dephasing occurs in that case [3,4].

Early proposals to observe this effect suggested measur-
ing the critical current in a Josephson junction through a
ferromagnetic trilayer with noncollinear magnetizations
[5,6]. In this geometry, the external F layers convert singlet
Cooper pairs into triplet pairs which have a nonvanishing
projection onto the channels with parallel electron spins
along the (tilted) magnetization of the central F layer
and, thus, may propagate coherently over long distances.
A maximal critical current with amplitude comparable to
that of a normal metallic Josephson junction with the same
length is obtained when the external layers have a thick-
ness comparable to the ferromagnetic coherence length !F,
and the magnetizations in successive layers are orthogonal.
(Similarly, long-range triplet correlations can be induced
by spin-active interfaces between a ferromagnet and the
superconducting leads [7–9].) Indeed, recent experiments
observed a strong enhancement of the Josephson current
through a ferromagnetic multilayer when the layers were
ordered noncollinearly [10–12].

Here we are interested in the question whether three
layers (or, equivalently, spin-active interfaces on both sides
of the junction) are necessary to observe a long-range triplet
Josephson current. Recently, it has been shown theoreti-
cally that a long-range triplet proximity effect may also
develop in ballistic bilayer ferromagnetic Josephson junc-
tions with noncollinearmagnetizations [15,16]. In this case,
a superharmonic Josephson relation is generated by the
long-range propagation of an even number of parallel-
spin triplet pairs which may then recombine into singlet
Cooper pairs. It is important to know whether this effect is

robust to disorder which is believed to be present in the
experiments, i.e., whether it exists in diffusive systems as
well. In this Letter, we show that this is indeed the case.
We find that the amplitude of the critical current determined
by the second harmonic of the Josephson relation—
corresponding to the coherent transfer of two Cooper
pairs—decays algebraically with length. The maximal cur-
rent is smaller than in trilayers due to fact that two parallel-
spin triplet pairs with opposite spin directions have to
recombine into singlet Cooper pairs, a process that takes
place only within a distance !!F near the F=S interface.
We consider a Josephson junction formed of two super-

conducting leads contacted through two ferromagnetic
layers in series, with thicknesses dL and dR, respectively;
cf. Fig. 1. The F layers are assumed to have the same
properties but different orientations of their magnetiza-
tions. As we are interested in the long-range proximity
effect, moreover, we assume that the right layer of length
dR is much thicker than the diffusive ferromagnetic coher-

ence length !F ¼
ffiffiffiffiffiffiffiffiffiffi
D=h

p
, whereD is the diffusion constant

and h is the amplitude of the exchange field.
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librium supercurrent flowing through the junction can be
expressed through the quasiclassical Green function g,
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The interplay between ferromagnetism and supercon-
ductivity in hybrid structures is an active area of research
[1,2]. In a homogeneous ferromagnet (F) adjacent to a
conventional superconductor (S), superconducting correla-
tions between pairs of electrons are induced in both the
spin singlet channel and the triplet channel without spin
projection along the magnetization axis. This proximity
effect is short-ranged due to the dephasing of electrons
with opposite spins induced by the ferromagnetic exchange
field. On the other hand, in the presence of a noncollinear
magnetic configuration, a long-range proximity effect can
be induced in the triplet channels with parallel electron
spins, as no such dephasing occurs in that case [3,4].

Early proposals to observe this effect suggested measur-
ing the critical current in a Josephson junction through a
ferromagnetic trilayer with noncollinear magnetizations
[5,6]. In this geometry, the external F layers convert singlet
Cooper pairs into triplet pairs which have a nonvanishing
projection onto the channels with parallel electron spins
along the (tilted) magnetization of the central F layer
and, thus, may propagate coherently over long distances.
A maximal critical current with amplitude comparable to
that of a normal metallic Josephson junction with the same
length is obtained when the external layers have a thick-
ness comparable to the ferromagnetic coherence length !F,
and the magnetizations in successive layers are orthogonal.
(Similarly, long-range triplet correlations can be induced
by spin-active interfaces between a ferromagnet and the
superconducting leads [7–9].) Indeed, recent experiments
observed a strong enhancement of the Josephson current
through a ferromagnetic multilayer when the layers were
ordered noncollinearly [10–12].

Here we are interested in the question whether three
layers (or, equivalently, spin-active interfaces on both sides
of the junction) are necessary to observe a long-range triplet
Josephson current. Recently, it has been shown theoreti-
cally that a long-range triplet proximity effect may also
develop in ballistic bilayer ferromagnetic Josephson junc-
tions with noncollinearmagnetizations [15,16]. In this case,
a superharmonic Josephson relation is generated by the
long-range propagation of an even number of parallel-
spin triplet pairs which may then recombine into singlet
Cooper pairs. It is important to know whether this effect is

robust to disorder which is believed to be present in the
experiments, i.e., whether it exists in diffusive systems as
well. In this Letter, we show that this is indeed the case.
We find that the amplitude of the critical current determined
by the second harmonic of the Josephson relation—
corresponding to the coherent transfer of two Cooper
pairs—decays algebraically with length. The maximal cur-
rent is smaller than in trilayers due to fact that two parallel-
spin triplet pairs with opposite spin directions have to
recombine into singlet Cooper pairs, a process that takes
place only within a distance !!F near the F=S interface.
We consider a Josephson junction formed of two super-

conducting leads contacted through two ferromagnetic
layers in series, with thicknesses dL and dR, respectively;
cf. Fig. 1. The F layers are assumed to have the same
properties but different orientations of their magnetiza-
tions. As we are interested in the long-range proximity
effect, moreover, we assume that the right layer of length
dR is much thicker than the diffusive ferromagnetic coher-
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tions between pairs of electrons are induced in both the
spin singlet channel and the triplet channel without spin
projection along the magnetization axis. This proximity
effect is short-ranged due to the dephasing of electrons
with opposite spins induced by the ferromagnetic exchange
field. On the other hand, in the presence of a noncollinear
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be induced in the triplet channels with parallel electron
spins, as no such dephasing occurs in that case [3,4].

Early proposals to observe this effect suggested measur-
ing the critical current in a Josephson junction through a
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and, thus, may propagate coherently over long distances.
A maximal critical current with amplitude comparable to
that of a normal metallic Josephson junction with the same
length is obtained when the external layers have a thick-
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long-range propagation of an even number of parallel-
spin triplet pairs which may then recombine into singlet
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well. In this Letter, we show that this is indeed the case.
We find that the amplitude of the critical current determined
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corresponding to the coherent transfer of two Cooper
pairs—decays algebraically with length. The maximal cur-
rent is smaller than in trilayers due to fact that two parallel-
spin triplet pairs with opposite spin directions have to
recombine into singlet Cooper pairs, a process that takes
place only within a distance !!F near the F=S interface.
We consider a Josephson junction formed of two super-

conducting leads contacted through two ferromagnetic
layers in series, with thicknesses dL and dR, respectively;
cf. Fig. 1. The F layers are assumed to have the same
properties but different orientations of their magnetiza-
tions. As we are interested in the long-range proximity
effect, moreover, we assume that the right layer of length
dR is much thicker than the diffusive ferromagnetic coher-
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librium supercurrent flowing through the junction can be
expressed through the quasiclassical Green function g,
which is a 4# 4 matrix in the particle-hole and spin
spaces, and obeys normalization conditions g2 ¼ 1 and
Trg ¼ 0. It solves the nonlinear Usadel equation

$D@yðg@ygÞ þ ½ð!þ ihðyÞ ) !Þ"z; g* ¼ 0; (1)

where y is a coordinate along the junction, "i and #j (i,
j ¼ x, y, z) are Pauli matrices in the particle-hole and spin
spaces, respectively, and ! ¼ ð2nþ 1Þ$T (n integer) is a
Matsubara frequency at temperature T. The orientations of
the exchange fields are characterized by a tilt angle:

hðyÞ ¼ h½sin%ðyÞx̂þ cos%ðyÞẑ*; (2)

where %ðyÞ ¼ % for $dL < y < 0 and %ðyÞ ¼ 0 for 0<
y< dR. Note that the orbital effect is neglected in Eq. (1)
by assuming that the magnetic flux through the junction is
much smaller than the flux quantum.
Equation (1) has to be supplemented by boundary con-
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resistance between the two F layers is much smaller than
the resistance of each layer. Therefore, g and its derivative
are continuous at y ¼ 0.Moreover, assuming a rigid bound-
ary condition at the interfaces with the leads as well as
negligible resistances of the F=S interfaces, we impose the
continuity conditions gð#dLÞ ¼ gL and gðdRÞ¼gR, where

gk ¼ ½!!z þ !ðcos’k!x # sin’k!yÞ'=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!2 þ!2

p
(k ¼ L,

R) are the Green functions of the leads. Here ! is the
amplitude of the superconducting gap and ’k its phase.
For convenience, we choose ’L ¼ ’ and’R ¼ 0 such that
’ denotes the superconducting phase difference.

The supercurrent is then related to the Green function g
through

I ¼ "e#DAT
X

!>0

ImTr½!zg@yg'; (3)

where # is the density of states (per spin) at the Fermi level
and A is the cross section of the junction. Because of
current conservation, Eq. (3) may be evaluated at any
position along the junction.

To proceed further, we introduce the parametrization

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1# F ~F

p
F

~F #
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1# ~FF

p
 !

; (4)

which automatically satisfies the normalization conditions.
Here, the anomalous functions F and ~F ¼ $yF

($y are
2) 2 matrices in spin space and odd in !. With the
parametrization (4), the Usadel equation (1) takes the form

#D@y

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1# F ~F

p
@yF# F@y

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1# ~FF

p #

þ f!þ ihðyÞ:!; Fg ¼ 0; (5)

while the current (3) simplifies to

I ¼ 2"e#DAT
X

!>0

ImTr½F@y ~F': (6)

Note that, as F and ~F are odd functions of !, the current is
even in !.

At temperatures slightly below the superconducting criti-

cal temperature Tc, the gap vanishes as ! /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TcðTc # TÞ

p
.

Thus, one may solve Eq. (5) perturbatively around the
normal state solution, F ¼ 0. To this end, we expand F in
the small parameter [18] !=!, i.e., F ¼ ð!=!ÞFð1Þ þ
ð!=!Þ3Fð3Þ þ * * * , and solve Eq. (5) order by order.
To obtain the current up to the fourth order in !=Tc, it is
sufficient to compute Fð1Þ and Fð3Þ.
Let us start with the leading order. Then, Eq. (5) yields

the linear differential equation

#D@2yF
ð1Þ þ 2!Fð1Þ þ ifhðyÞ:!; Fð1Þg ¼ 0: (7)

Upon performing a unitary transformation, F ð1ÞðyÞ ¼
ei$y%ðyÞ=2Fð1ÞðyÞe#i$y%ðyÞ=2, the general solution in each

layer takes the form F ð1Þ ¼ F ð1Þ
0 þF ð1Þ

x $x þF ð1Þ
z $z,

where

F ð1Þ
L=R;s ¼ AL=R

s e#psy þ BL=R
s epsy (8)

with s ¼ +, x and F ð1Þ
+ ¼ F ð1Þ

0 +F ð1Þ
z . Here F ð1Þ

+ with

p+ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð!+ ihÞ=D

p
correspond to the short-range singlet

and triplet correlations, while F ð1Þ
x with px ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2!=D

p

corresponds to an equal superposition of the long-range
triplet correlations. For typical ferromagnets, h , Tc and,
therefore, p+ - ð1+ iÞ=&F.

The coefficients AL=R
s and BL=R

s that enter Eq. (8) are
determined by the boundary conditions. Assuming dR ,
&F, we find AR

+ ¼ ei’a+, B
R
+ ¼ e#p+dR , and AR

x e
#pxdR ¼

#BR
x e

pxdR ¼ iei’ax (up to exponentially small corrections
in dR=&F) with

aþ ¼ a(# ¼ '# (

j'j2 # j(j2 ; (9a)

ax ¼
tan%

2 sinhpxd
Im½ðpþdL þ 1Þaþ'; (9b)

and

'¼ cos2
%

2
ep#dL þ sin2%

2cos%
ðp#dLþ 1Þcoshp#dL sinhpxdR

sinhpxd
;

(10a)

(¼ sin2
%

2
ðcoshpþdL# i sinhpþdLÞ

# sin2%

2cos%
ðp#dLþ 1ÞcoshpþdL sinhpxdR

sinhpxd
; (10b)

where d ¼ dL þ dR is the total length of the junction. We
do not give the explicit results in the left layer, because, in
the following, we choose to evaluate the current (6) in the
right layer.
Note that the ratio dL=&F may be arbitrary, while

Eqs. (9) and (10) have been simplified with the assumption

dL . &N, where &N ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D=ð2"TcÞ

p
(&N , &F) is the nor-

mal coherence length close to Tc. For a noncollinear con-
figuration of the layers, long-range correlations are present

(F ð1Þ
x ! 0). Nevertheless, they do not contribute to the first

harmonic of the current-phase relation, as we show now.

FIG. 1. Setup of the junction. The superconducting leads are
coupled through two ferromagnetic layers in series, with thick-
nesses dL and dR, respectively. The magnetizations of the layers
are tilted with respect to each other by an angle %.
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