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Viewpoint

Majorana fermions inch closer to reality
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Researchers predict that Majorana fermions can be found in magnetic field vortices in the bulk of

the superconductor Cuy BigSes.
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The search for Majorana fermions is quickly becoming
an obsession in the condensed-matter community. To
understand the intense interest, I will begin with a prac-
tical definition: a Majorana fermion is a fermion that is
its own antiparticle. While sophisticated particle physics
experiments are testing for Majorana character in neu-
trinos propagating in three dimensions [I], solid state
physicists are more interested in lower dimensional coun-
terparts. The most interesting Majorana fermions that
are predicted to appear in materials are zero-dimensional
bound states confined to live on various types of topolog-
ical defects [2]. In a paper published in Physical Review
Letters, Pavan Hosur and collaborators from the Uni-
versity of California, Berkeley, predict that these bound
states are found in the vortices of the superconductor
Cu,BisSes[3] (Fig. . Once discovered, a set of zero-
dimensional Majorana bound states (MBS) are predicted
to exhibit exotic non-Abelian statistics when exchanged
among each other. While of great fundamental inter-
est, perhaps the biggest driving factor in the search is
a well-regarded proposal for (topological) quantum com-
putation, which uses this unique statistical property of
the MBS to robustly process quantum information free
from local sources of decoherence [4 [5].

With the high-energy and condensed-matter commu-
nities exerting so much effort to find Majorana fermions,
it is a bit surprising they have not yet been discovered.
Why are Majorana fermions naturally elusive, at least in
a condensed-matter setting? To determine if an electron,
for example, is its own antiparticle we can perform a sim-
ple test: shoot two identical electrons at each other and
look at the outcome. If there is a finite probability that
the electrons annihilate into the fermionic vacuum, then
they could be Majorana fermions. However, we know, for
example, that electric charge is conserved and thus the
two electrons can mever annihilate, and are thus not Ma-
jorana. FElectrons, in fact, have an independent antipar-
ticle, the positron, which has different quantum numbers
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FIG. 1: The panels from left to right illustrate a phase tran-
sition through a vortex in a superconducting (doped) topo-
logical insulator as the chemical potential is raised. The left-
most panel shows Majorana bound states (red) trapped where
the vortex line intersects the surface of the topological insula-
tor. The second panel shows the development of a “mini-gap”
region surrounding the vortex core across which the bound
states can tunnel as the chemical potential increases. The
third panel shows the critical point where a mode along the
vortex line becomes gapless allowing the surface bound states
to easily tunnel and hybridize with the state on the opposite
surface. The final panel is tuned past the critical point where
the vortex line is again gapped and the Majorana bound states
are absent, leading to a trivial state. (APS/Alan Stonebraker)

(e.g., opposite electric charge).

Naively, this eliminates all fermions at play in conven-
tional electronic systems from being Majorana. The key
to getting around this obstacle is noting that one finds
many different emergent fermionic vacua/ground states
in electronic systems that are qualitatively different from
the fundamental vacuum of spacetime. To illustrate this,
consider a BCS superconductor ground state filled with
a condensate of paired electrons. If we again scatter
two electrons off each other, they can indeed bind into
a Cooper pair and “annihilate” into the fermionic vac-
uum! However, if the vacuum is of s-wave character, the
most common superconducting ground state, then the
two electrons bound into the Cooper pair must have op-
posite spin and are thus not Majorana (the antiparticle
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of an electron with spin up, in this case, is one with spin
down). The solution to this problem is manifest: we must
find a way to get around the spin-quantum number. Cur-
rently, there are two primary mechanisms to do this: (i)
the superconducting vacuum can have spin-triplet pair-
ing, which pairs electrons with the same spin or (ii) the
superconductivity can exist in the presence of spin-orbit
coupling or some other mechanism which will remove the
spin conservation. Solution (i) is the paradigm for the
first proposals of the existence of MBS as quasiparticles
of a fractional quantum Hall state which models a two-
dimensional electron gas at filling v = 5/2[6], and as
vortex excitations in some theories of the unconventional
superconducting state of SroRuO4[7]. These proposals
offer real material candidates for finding MBS, but ex-
periments in both of these systems require utmost care in
sample production and measurement precision. To date,
MBS excitations have not been clearly distinguished in
either of these systems. Recently, solution (ii), which was
first implemented by Fu and Kane in topological insula-
tor/superconductor heterostructures [8], has been gar-
nering attention due to more inherent practicality. This
has been followed up nicely with further predictions of
MBS in low-dimensional spin-orbit-coupled heterostruc-
tures in proximity to s-wave superconductors [J].

The seminal proposal of Fu and Kane predicts that
if the surface of a three-dimensional topological insula-
tor is proximity-coupled to an s-wave superconductor,
then vortex lines in the superconductor will trap MBS
where the lines intersect the topological insulator surface
[8]. This proposal requires two main ingredients: (i) a
topological insulator and (ii) an s-wave superconductor
that can effectively proximity-couple to the surface of the
topological insulator. Despite all of the recent publicity
about the discovery of three-dimensional topological in-
sulators [I0], finding a suitable topological insulator for
these experiments is still a difficult task. The reason
being that, as of yet, there are no topological insula-
tor materials that are completely insulating in the bulk,
despite intense experimental programs dedicated to this
task. The most commonly studied topological insulators
are variations of either BisSes or BisTes , in which it
has been difficult to tune the bulk to a completely in-
sulating state [II]. Thus, while many experiments have
confirmed the robust nature and structure of the surface
states, these materials, having bulk carriers, are not true
topological insulators.

It is then natural to ask, What is a doped topological
insulator good for? While one hopes that many of the
topological phenomena of the true insulating state might
be manifested in some form in a doped system, many
questions still remain unanswered. However, Hosur et al.
have made a striking prediction that MBS can still be re-
alized in doped topological insulators under certain mild
conditions [3]. A true insulating state is important in the
Fu-Kane proposal because if the bulk contains low-energy
states then the MBS can tunnel away from the surface
and delocalize into the bulk, which effectively destroys
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the MBS. Hosur et al. circumvent this delocalization
by requiring that the entire doped topological insulator
become superconducting. They show that as long as the
doping is not too large, vortices in superconducting topo-
logical insulators will bind MBS at the places where the
vortex lines intersect the material surfaces. While this
might seem like a big leap in complexity, experimental ev-
idence already shows that, indeed, copper-doped BiaSes
is a superconductor below 3.8 K[12]. In this context, Ho-
sur et al. make a strong prediction that vortex lines in
superconducting Cu,BiaSes can harbor MBS.

To understand the prediction, we begin with the Fu-
Kane proximity effect scenario, as mentioned above, with
a vortex line stretched between two surfaces. MBS are
trapped where each end of the vortex line meets the topo-
logical insulator surface (see Fig. . If we tune the bulk
chemical potential to lie in the conduction band, as op-
posed to the nominal insulating gap, then the MBS on
each end of the vortex line could tunnel through the bulk
and hybridize with the state on the opposite end. This is
prevented in Hosur et al.’s work by inducing a supercon-
ducting gap in the entire bulk so that the MBS remain
trapped. If the superconducting state were homogeneous,
then the MBS would be trapped on the ends of the vor-
tex line for any doping level. However, the superconduct-
ing order parameter varies rapidly near the vortex core,
which is essentially a thin tube of normal metal (doped
topological insulator) containing bound states with ener-
gies that lie below the nominal superconducting gap. It is
easiest for the MBS to tunnel through the “mini-gap” re-
gion in the vortex core, and in fact, Hosur et al. go on to
show that there is a critical chemical potential level where
a vortex-core bound state becomes gapless and the MBS
can easily tunnel through the vortex line to annihilate.
Beyond this critical doping, the vortex line re-enters a
gapped phase, but the MBS are absent. See Fig. [[]for an
illustration of this process. The critical chemical poten-
tial can be calculated solely from low-energy information
about the Fermi surface, and depends on the orientation
of the vortex line with respect to the crystal structure. It
is estimated that vortex lines oriented along the ¢ axis of
Cu,BisSes are just on the trivial side of the transition,
while vortices perpendicular to the ¢ axis should be well
within the nontrivial regime and should trap MBS.

If CuyBiaSes is indeed in the predicted experimen-
tal regime, then this development is an exciting break-
through, since it offers a simple way to generate MBS in a
system that already exists. These effects show that, up to
a certain point, a doped topological insulator remembers
something about its topological nature, and furthermore
that we are tantalizingly close to the first observation of
MBS.
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