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The combination of the Josephson effect and topological order provides a testing ground for the
emergence of Majorana fermions in solid-state systems.
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The combination of symmetry breaking effects, such
as those occurring in magnets and superconductors,
with topological order may result in remarkable new
physics. Recent theoretical studies suggest that, in
certain superconductors, exotic quasiparticle excitations
can emerge that behave like Majorana fermions, charge-
neutral quasiparticles that are their own antiparticles.
In Physical Review Letters, Jimmy Williams at Stanford
University, California, and colleagues [I] combine the su-
perconducting Josephson effect, which is a profound con-
sequence of symmetry breaking, with topological order in
hybrid superconductor-topological insulator structures.
The structure investigated by the authors exhibits uncon-
ventional behavior that may be related to the emergence
of Majorana states.

In a Josephson junction, consisting of two supercon-
ductors separated by a thin nonsuperconducting barrier,
symmetry breaking results in a supercurrent, i.e., a dissi-
pationless current, that depends on the phase difference
(¢1 — ¢2) across the junction via the current-phase rela-
tion

I = Isin(e1 — ¢2), (1)

where I, is the critical current beyond which the super-
conductor reverts to the normal state.

The first example of topological order, the quantum
Hall effect, was discovered in two-dimensional electron
systems and theoretically understood in the early 1980s.
Work in recent years has shown that topological order is
more common than previously suspected and is realized
in a class of materials called topological insulators. These
are three-dimensional band insulators in which spin-orbit
coupling leads to metallic surface states at every surface

Williams et al. report unusual behavior in Josephson
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FIG. 1: Schematic experimental geometry of Williams et
al. The Josephson effect between the superconducting (SC)
Ti/ Al leads is carried by proximity-effect superconductivity
(blue region) in the surface state of the 3D topological insu-
lator (TT) BizSes. The red lines are flux lines of an applied
magnetic field; the magnetic field through the superconduct-
ing leads is omitted for simplicity. Under certain conditions,
a bound Majorana excitation in the proximity-effect region
can lead to an unusual current-phase relation that is mani-
fested in the dependence of critical current on magnetic field.
(APS/Alan Stonebraker)

junctions made by depositing superconducting aluminum
on top of bismuth selenide, a topological insulator (Fig.
, leaving a small gap between the aluminum-covered
regions. The authors apply an external magnetic field
and analyze the dependence of the critical current I. on
the strength of the field. Their experimental results could
be related to the exotic physics predicted to exist in this
system.

The effect of the magnetic field can be understood
through a simple optics analogy. When an electron moves
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across the Josephson junction, it picks up a phase differ-
ence if the two superconductors have a different phase.
But the electron also picks up a phase from the magnetic
field (more precisely, from the integral of the vector po-
tential A along its path), and this second phase difference
depends on the path in space taken by the electron. For
a Josephson junction with uniform current density, the
phase differences between paths induced by the magnetic
field give rise to a Fraunhofer or single-slit diffraction
pattern in the dependence of critical current on magnetic
field. At certain field strengths, paths across the junction
interfere destructively and the critical current is zero.

The most striking feature of the data of Williams et
al. is that the dependence of critical current on field is
dramatically different from the conventional Fraunhofer
pattern. The first minima occur at smaller fields than
expected from the geometrical area of the junction; this
could be explained if the effective area of the junction
is smaller than estimated or if the magnetic field in the
junction area is increased through “flux focusing” via the
Meissner repulsion of the field from the superconductors.
(A control experiment using graphite rather than a topo-
logical insulator suggests that flux focusing is not the ex-
planation.) What is more puzzling is that the shape of
the curve is also very different from a Fraunhofer pattern.
The authors suggest that the data indicate a deviation
from the conventional current-phase relation [Eq. (1)]
and could be a sign of unusual physics related to emer-
gent Majorana fermions.

In order to discuss the remarkable physics that this
experiment may be revealing, we need to recall relevant
properties of topological insulators. Their surface state is
an analog in one higher dimension of the conducting edge
states in the quantum Hall and quantum spin Hall effects.
Like graphene, the topological insulator surface state has
zero effective mass for the electrons. Unlike graphene, the
topological insulator surface state has an odd number of
Dirac points where the Fermi surface collapses, and this
difference has far-reaching consequences when the surface
state is coupled to a superconductor.

Most superconductors, including both traditional su-
perconducting metals and cuprates, will have bound elec-
tronic levels in a magnetic vortex. Previous theoretical
work has suggested that a vortex in certain exotic super-
conductors might have a bound Majorana level, which
can be understood as half of an ordinary bound level.
Such states are the solid-state quasiparticle realization
of Majorana fermions, for which intense research efforts
have recently attempted to provide experimental evi-
dence (see |15 March 2010 Viewpoint)) [3]. It was pointed
out by Fu and Kane [4], following a proposal in a dif-
ferent context by Sato [5], that the interface between a
conventional superconductor and a topological insulator
supports such Majorana levels in magnetic vortices, and
that Majorana levels can lead to a modification of the
Josephson effect. Briefly, the standard current-phase re-
lation [Eq. (1)] is modified by the existence of Majorana
quasiparticles; one consequence is that the magnetic flux
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periodicity of the observed current in a junction can be
doubled.

In Williams et al.’s experiment, the dependence of crit-
ical current on magnetic field effectively performs an in-
tegration over the current-phase relation because differ-
ent paths have different phase contributions from the
field. The authors consider possible current-phase re-
lations and compare the resulting field dependence to
the experimental observations. The best fits, including
the distinctive first notch in the data, are obtained from
current-phase relations that are substantially different
from Eq. (1).

The data reveal several unconventional features, in-
cluding anomalous dependences of the critical current
on junction size and on normal-state resistance. Non-
Fraunhofer shapes of the critical current curve can be
caused by nonuniform current injection, which might re-
sult from topological insulator behavior: if the sides of
the topological insulator barrier carried current roughly
as well as the top surface, this would lead to a superpo-
sition of one-slit and two-slit interference patterns that
looks similar to the experimental data [6]. While this
explanation depends on the topological insulator barrier
having a surface state, it would not require any modifi-
cation of the current-phase relation, but the multiple un-
usual features of the Williams et al. experiments suggest
that a more unconventional explanation may be required.
To explain the observed effects, the authors propose a
phenomenological model based on the emergence of Ma-
jorana modes at the superconductor-topological insulator
interface.

There are several groups—notably those at Purdue [7],
Delft [8], and Weizmann [9]—whose work suggests Majo-
rana fermions can be created using superconductors. In
these experiments, a superconductor is combined with an
ordinary semiconductor in a magnetic field, and features
are observed that may be caused by a Majorana bound
level, according to theoretical models. Other groups are
exploring similar physics in certain phases of superfluid
helium-3. Whichever route turns out to be more fruitful
in the future, it is exciting to see that one of the most
remarkable predictions of the theory of superconductiv-
ity, namely that a spinless electron or two-level system
can be “fractionalized” into two Majorana quasiparticles,
seems to be coming closer to experimental reality.
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