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The 1937 theoretical discovery of Majorana fermions—whose defining property is that they are their own
anti-particles—has since impacted diverse problems ranging from neutrino physics and dark matter searches to
the fractional quantum Hall effect and superconductivity. Despite this long history the unambiguous observation
of Majorana fermions nevertheless remains an outstanding goal. This review article highlights recent advances
in the condensed matter search for Majorana that have led many in the field to believe that this quest may soon
bear fruit. We begin by introducing in some detail exotic ‘topological’ one- and two-dimensional superconduc-
tors that support Majorana fermions at their boundaries and at vortices. We then turn to one of the key insights
that arose during the past few years; namely, that it is possible to ‘engineer’ such exotic superconductors in the
laboratory by forming appropriate heterostructures with ordinary s-wave superconductors. Numerous proposals
of this type are discussed, based on diverse materials such as topological insulators, conventional semiconduc-
tors, ferromagnetic metals, and many others. The all-important question of how one experimentally detects
Majorana fermions in these setups is then addressed. We focus on three classes of measurements that provide
smoking-gun Majorana signatures: tunneling, Josephson effects, and interferometry. Finally, we discuss the
most remarkable properties of condensed matter Majorana fermions—the non-Abelian exchange statistics that
they generate and their associated potential for quantum computation.

I. INTRODUCTION

Three quarters of a century ago Ettore Majorana introduced
into theoretical physics what are now known as ‘Majorana
fermions’: particles that, unlike electrons and positrons, con-
stitute their own antiparticles.1 The monumental significance
of this development required many intervening decades to
fully appreciate, and despite being an ‘old’ idea Majorana
fermions remain central to diverse problems across modern
physics. In the high-energy context, Ettore’s original sugges-
tion that neutrinos may in fact be Majorana fermions endures
as a serious proposition even today.2 Supersymmetric theo-
ries further postulate that bosonic particles such as photons
have a corresponding Majorana ‘superpartner’ that may pro-
vide one of the keys to the dark matter puzzle.3 Experiments at
the large hadron collider are well-positioned to critically test
these predictions in the near future. Condensed matter physi-
cists, too, are fervently chasing Majorana’s vision in a wide
variety of solid state systems, motivated both by the pursuit
of exotic fundamental physics and quantum computing ap-
plications. While a definitive sighting of Majorana fermions
has yet to be reported in any setting, there is palpable opti-
mism in the condensed matter community that this may soon
change.3–7

Unlike the Majorana fermions sought by high-energy
physicists, those pursued in solid state systems are not fun-
damental particles—the constituents of condensed matter are,
inescapably, ordinary electrons and ions. This fact severely
constrains the likely avenues of success in this search. In con-
ventional metals, for example, electron and hole excitations
can annihilate, but since they carry opposite charge are cer-
tainly not Majorana fermions. In operator language this is
reflected by the fact that if c†� adds an electron with spin �,
then its Hermitian conjugate c� is a physically distinct oper-
ator that creates a hole. If Majorana is to surface in the solid
state it must therefore be in the form of nontrivial emergent
excitations.

Superconductors (and other systems where fermions pair
and condense) provide a natural hunting ground for such ex-
citations. Indeed, because Cooper pair condensation sponta-
neously violates charge conservation, quasiparticles in a su-
perconductor involve superpositions of electrons and holes.
Unfortunately, however, this is not a sufficient condition for
the appearance of Majorana fermions. With only exceedingly
rare exceptions superconductivity arises from s-wave-paired
electrons carrying opposite spins; quasiparticle operators then
(schematically) take the form d = uc†" + vc#, which is still
physically distinct from d† = v⇤c†# + u⇤c". Thus whereas
charge prevents Majorana from emerging in a metal, spin is
the culprit in conventional s-wave superconductors.

As the preceding discussion suggests, ‘spinless’
superconductors—i.e., paired systems with only one active
fermionic species rather than two—provide ideal platforms
for Majorana fermions. By Pauli exclusion, Cooper pairing
in a ‘spinless’ metal must occur with odd parity, resulting in
p-wave superconductivity in one dimension (1D) and, in the
most relevant case for our purposes, p+ ip superconductivity
in two dimensions (2D). These superconductors are quite
special: as Sec. II describes in detail, they realize topological
phases that support exotic excitations at their boundaries
and at topological defects.8–10 Most importantly, zero-energy
modes localize at the ends of a 1D topological p-wave
superconductor9, and bind to superconducting vortices in
the 2D p + ip case11. These zero-modes are precisely the
condensed matter realization of Majorana fermions9,10 that
are now being vigorously pursued.

Let � denote the operator corresponding to one of these
modes (the specific realization is unimportant for now). This
object is its own ‘anti-particle’ in the sense that � = �† and
�2

= 1. We caution, however, that labeling � as a particle—
emergent or otherwise—is a misnomer because unlike an ordi-
nary electronic state in a metal there is no meaning to � being
occupied or unoccupied. Rather, � should more appropriately
be viewed as a fractionalized zero-mode comprising ‘half’ of
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FIG. 2. Schematic illustration of the Hamiltonian in Eq. (16) when
(a) µ 6= 0, t = � = 0 and (b) µ = 0, t = � 6= 0. In the
former limit Majoranas ‘pair up’ at the same lattice site, resulting
in a unique ground state with a gap to all excited states. In the lat-
ter, Majoranas couple at adjacent lattice sites, leaving two ‘unpaired’
Majorana zero-modes �

A,1

and �
B,N

at the ends of the chain. Al-
though there remains a bulk energy gap in this case, these end-states
give rise to a two-fold ground state degeneracy.

The operators on the right-hand side obey the canonical Ma-
jorana fermion relations

�↵,x = �†
↵,x, {�↵,x, �↵0,x0} = 2�↵↵0�xx0 . (15)

In this basis H becomes

H = �µ

2

NX

x=1

(1 + i�B,x�A,x)

� i

4

N�1X

x=1

[(�+ t)�B,x�A,x+1

+ (�� t)�A,x�B,x+1

].(16)

Generally the parameters µ, t, and � induce relatively com-
plex couplings between these Majorana modes; however, the
problem becomes trivial in two limiting cases9.

The first corresponds to µ < 0 but t = � = 0, where the
chain resides in the topologically trivial phase. Here the sec-
ond line of Eq. (16) vanishes, leaving a coupling only between
Majorana modes �A,x and �B,x at the same lattice site as Fig.
2(a) schematically illustrates. In this case there is a unique
ground state corresponding to the vacuum of cx fermions.
Clearly the spectrum is gapped since introducing a spinless
fermion into the chain costs a finite energy |µ|. Note that this
is entirely consistent with our treatment of the chain with pe-
riodic boundary conditions; in the trivial phase the ends of the
chain have little effect. We emphasize that these conclusions
hold even away from this fine-tuned limit provided the gap
persists so that the chain remains in the same trivial phase.

The second simplifying limit corresponds to µ = 0 and
t = � 6= 0, where the topological phase appears. Here the
Hamiltonian is instead given by

H = �i
t

2

N�1X

x=1

�B,x�A,x+1

, (17)

which couples Majorana fermions only at adjacent lattice sites

as Fig. 2(b) illustrates. In terms of new ordinary fermion oper-
ators dx =

1

2

(�A,x+1

+i�B,x), the Hamiltonian can be written

H = t
N�1X

x=1

✓
d†xdx � 1

2

◆
. (18)

In this form it is apparent that a bulk gap remains here
too—consistent with our results with periodic boundary
conditions—since one must pay an energy t to add a dx
fermion. However, as Fig. 2(b) illustrates the ends of the
chain now support ‘unpaired’ zero-energy Majorana modes
�
1

⌘ �A,1 and �
2

⌘ �B,N that are explicitly absent from
the Hamiltonian in Eq. (17). These can be combined into an
ordinary—though highly non-local—fermion,

f =

1

2

(�
1

+ i�
2

), (19)

that costs zero energy and therefore produces a two-fold
ground-state degeneracy. In particular, if |0i is a ground state
satisfying f |0i = 0, then |1i ⌘ f†|0i is necessarily also a
ground state (with opposite fermion parity). Note the stark
difference from conventional gapped superconductors, where
typically there exists a unique ground state with even parity so
that all electrons can form Cooper pairs.

The appearance of localized zero-energy Majorana end-
states and the associated ground-state degeneracy arise be-
cause the chain forms a topological phase while the vacuum
bordering the chain is trivial. (It may be helpful to imag-
ine adding extra sites to the left and right of the chain, with
µ < �t for those sites so that the strong pairing phase forms
there.) These phases cannot be smoothly connected, so the
gap necessarily closes at the chain’s boundaries. Because this
conclusion has a topological origin it is very general and does
not rely on the particular fine-tuned limit considered above,
with one caveat. In the more general situation with µ 6= 0

and t 6= � (but still in the topological phase) the Majorana
zero-modes �

1

and �
2

are no longer simply given by �A,1 and
�B,N ; rather, their wavefunctions decay exponentially into the
bulk of the chain. The overlap of these wavefunctions results
in a splitting of the degeneracy between |0i and |1i by an en-
ergy that scales like e�L/⇠, where L is the length of the chain
and ⇠ is the coherence length (which diverges at the transition
to the trivial phase). Provided L � ⇠, however, this splitting
can easily be negligible compared to all relevant energy scales
in the problem; unless specified otherwise we will assume that
this is the case and simply refer to the Majorana end-states as
zero-energy modes despite this exponential splitting.

Finally we comment on the importance of the fermions be-
ing spinless in Kitaev’s toy model. This property ensures that
a single zero-energy Majorana mode resides at each end of the
chain in its topological phase. Suppose that instead spinful
fermions—initially without spin-orbit interactions—formed a
p-wave superconductor. In this case spin merely doubles the
degeneracy for every eigenstate of the Hamiltonian, so that
when |µ| < t each end supports two Majorana zero-modes,
or equivalently one ordinary fermionic zero-mode. Unless
special symmetries are present these ordinary fermionic states
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FIG. 6. (a) Basic architecture required to stabilize a topological superconducting state in a 1D spin-orbit-coupled wire. (b) Band structure
for the wire when time-reversal symmetry is present (red and blue curves) and broken by a magnetic field (black curves). When the chemical
potential lies within the field-induced gap at k = 0, the wire appears ‘spinless’. Incorporating the pairing induced by the proximate super-
conductor leads to the phase diagram in (c). The endpoints of topological (green) segments of the wire host localized, zero-energy Majorana
modes as shown in (d).



10 µm wires, pure wurzite structure
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Description of Planned Research

1 Overview: controlling coherent electronics and entanglement

The focus of research in the Center will be the exploration of controlled quantum 
coherence and entanglement in solid-state systems. The Center’s research aims to 
understand the mechanisms of decoherence in various materials, how entanglement  of 
many quantum objects can be controlled, how quantum states can be interconverted, and 
how coherence and entanglement can be put to use. Experiments make use of nanoscale 
patterning of gates and contacts on semiconductor heterostructures, nanowires and 
nanotubes. Three research themes will be pursued during first phase of the Center: 
entanglement and environmental control in spin qubit  systems (Sec. 4), transfer of 
coherence in coupled nanowire and nanotubes (Sec. 5), and detection and control of 
topological quantum states (Sec. 6). Extensions beyond the first phase will be mentioned in 
Sec. 7. 

2 Enabling technologies for quantum devices

The realization of electrically controlled coherent solid-state systems relies on materials 
with low disorder, so that potentials are fully defined by external gates. Over the past 
decade, most single-electron devices have used GaAs/AlxGa1–xAs heterostructures as a 
substrate. We will use continue to use this reliable system for a number of spin-qubit 
experiments, and to probe the electron-nuclear interaction (Sec. 4), as well as for studies of 
non-abelian quasiparticles in the fractional quantum Hall effect (Sec. 6.1). GaAs wafers 
will be provided through collaborations 
with the Gossard, Palmstrøm, and 
Awschalom groups at UC Santa 
Barbara and the Pfeiffer group at 
Princeton. 

Materials growth within the Center 
will focus on III-V nanowires (Fig. 1), 
including InAs, InP, GaAs, and 
possibly InSb, as well as core-shell and 
segmented heterostructures. Carbon 
nanotubes will also be grown in the 
Center, specializing in materials with a 

6

Figure 1 Scanning and transmission electron micrographs 
of an InAs nanowire grown in the Nygård lab, showing 
perfect crystallinity.

P. Krogstrup, J. Nygård, Univ. of Copenhagen

Epitaxial growth of InAs nanowires
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Non-Abelian statistics and topological quantum
information processing in 1D wire networks
Jason Alicea1*, Yuval Oreg2, Gil Refael3, Felix von Oppen4 and Matthew P. A. Fisher3,5

The synthesis of a quantum computer remains an ongoing challenge in modern physics. Whereas decoherence stymies
most approaches, topological quantum computation schemes evade decoherence at the hardware level by storing quantum
information non-locally. Here we establish that a key operation—braiding of non-Abelian anyons—can be implemented using
one-dimensional semiconducting wires. Such wires can be driven into a topological phase supporting long-sought particles
known as Majorana fermions that can encode topological qubits. We show that in wire networks, Majorana fermions can be
meaningfully braided by simply adjusting gate voltages, and that they exhibit non-Abelian statistics like vortices in a p+ ip
superconductor. We propose experimental set-ups that enable probing of theMajorana fusion rules and the efficient exchange
of arbitrary numbers of Majorana fermions. This work should open a new direction in topological quantum computation that
benefits from physical transparency and experimental feasibility.

The experimental realization of a quantum computer ranks
among the foremost outstanding goals in physics and has
traditionally been hampered by decoherence. In this regard

topological quantum computing holds considerable promise, as
here one embeds quantum information in a non-local, intrinsically
decoherence-free fashion1–6. A toy model of a spinless, two-
dimensional (2D) p + ip superconductor nicely illustrates the
key ideas. Vortices in such a state bind exotic particles known
as Majorana fermions, which cost no energy and therefore
generate ground state degeneracy. Because of the Majoranas,
vortices exhibit non-Abelian braiding statistics7–11: adiabatically
exchanging vortices noncommutatively transforms the system from
one ground state to another. Quantum information encoded in this
ground state space can be controllably manipulated by braiding
operations—something the environment finds difficult to achieve.

Despite this scheme’s elegance, finding suitable ‘hardware’
poses a serious challenge. Although most effort has focused on
the quantum Hall state at filling fraction10,12 ⇧ = 5/2, numerous
realistic alternative routes to generating non-Abelian topological
phases have recently appeared13–20. Among these, two groups21,22
recognized that one-dimensional (1D) semiconducting wires
can be engineered, relatively easily, into Kitaev’s23 topological
superconducting state supporting Majorana fermions. Motivated
by this exciting possibility, we examine the prospect of exploiting
1Dwires for topological quantum computation.

The suitability of 1D wires for this purpose is far from obvious.
Manipulating, braiding, and realizing non-Abelian statistics of
Majorana fermions are all central to topological quantum computa-
tion (althoughmeasurement-only approaches sidestep the braiding
requirement5). Whereas Majorana fermions can be transported,
created, and fused by gating a wire, braiding and non-Abelian statis-
tics pose serious puzzles. Indeed, braiding statistics is ill-defined in
1D because particles inevitably ‘collide’ during an exchange. This
problem can be surmounted in wire networks, the simplest being
a T-junction formed by two perpendicular wires. Even in such
networks, however, non-Abelian statistics does not immediately

1Department of Physics and Astronomy, University of California, Irvine, California 92697, USA, 2Department of Condensed Matter Physics, Weizmann
Institute of Science, Rehovot, 76100, Israel, 3Department of Physics, California Institute of Technology, Pasadena, California 91125, USA, 4Dahlem Center
for Complex Quantum Systems and Fachbereich Physik, Freie Universität Berlin, 14195 Berlin, Germany, 5Department of Physics, University of California,
Santa Barbara, California 93106, USA. *e-mail: aliceaj@uci.edu.

follow, as recognized by Wimmer and colleagues24. For example,
non-Abelian statistics in a 2D p+ ip superconductor is intimately
linked to vortices binding the Majoranas10,11. We demonstrate that,
despite the absence of vortices, Majorana fermions in semicon-
ducting wires exhibit non-Abelian statistics and transform under
exchange exactly like vortices in a p+ip superconductor.

We further propose experimental setups ranging from minimal
circuits (involving one wire and a few gates) for probing
the Majorana fusion rules, to scalable networks that permit
efficient exchange of many Majoranas. The ‘fractional Josephson
effect’13,21–23,25, along with Hassler et al.’s recent proposal26 enable
qubit readout in this setting. The relative ease with whichMajorana
fermions can be stabilized in 1D wires, combined with the physical
transparency of their manipulation, render these set-ups extremely
promising topological quantum information processing platforms.
Although braiding of Majoranas alone does not permit universal
quantum computation6,27–30, implementation of these ideas would
constitute a critical step towards this ultimate goal.

Majorana fermions in 1D wires
We begin by discussing the physics of a single wire. Valuable
intuition can be garnered from Kitaev’s toy model for a spinless,
p-wave superconductingN -site chain23:

H = �µ
N�

x=1

cx †cx �
N�1�

x=1

(t cx †cx+1 +|⌥|ei⌃cxcx+1 +h.c .) (1)

where cx is a spinless fermion operator and µ, t > 0, and |⌥|ei⌃
respectively denote the chemical potential, tunnelling strength,
and pairing potential. The bulk- and end-state structure becomes
particularly transparent in the special case23 µ = 0, t = |⌥|. Here
it is useful to express

cx = 1
2
e�i(⌃/2)(⇥B,x + i⇥A,x) (2)

with ⇥�,x = ⇥�,x
† Majorana fermion operators satisfying

{⇥�,x ,⇥�⇥,x ⇥} = 2⇤��⇥⇤xx ⇥ . These expressions expose the defining
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Figure 2 |Applying a ‘keyboard’ of individually tunable gates to the wire
allows local control of which regions are topological (dark blue) and
non-topological (light blue), and hence manipulate Majorana fermions
while maintaining the bulk gap. As a and b illustrate, sequentially applying
the leftmost gates drives the left end of the wire non-topological, thereby
transporting �1 rightward. Nucleating a topological section of the wire from
an ordinary region or vice versa creates pairs of Majorana fermions out of
the vacuum as in c. Similarly, removing a topological region entirely or
connecting two topological regions as sketched in d fuses Majorana
fermions into either the vacuum or a finite-energy quasiparticle.

length Lgate of the wire.When a given gate locally tunes the chemical
potential across |µ| = µc, a finite excitation gap Egap ⇥ h̄v⇡/Lgate
remains. (Roughly, the gate creates a potential well that supports
only k larger than ⇥⇡/Lgate.) Assuming gµB|Bz |/2 ⇥ 2|⇧| and
h̄u⇥ 0.1 eVÅ yields a velocity v ⇥ 104 m s�1; the gap for a 0.1 µm
wide gate is then of order 1 K. We consider this a conservative
estimate—heavy-element wires such as InSb and/or narrower gates
could generate substantially larger gaps.

Local gates allow Majorana fermions to be transported, created,
and fused, as outlined in Fig. 2. As one germinates pairs of Majorana
fermions, the ground state degeneracy increases, as does our capac-
ity to topologically store quantum information. Specifically, 2nMa-
joranas generate n ordinary zero-energy fermions, with occupation
numbers that specify topological qubit states. Adiabatically braiding
the Majorana fermions to manipulate these qubits, however, is
impossible in a single wire. Thus we now turn to the simplest
arrangement permitting exchange—the T-junction of Fig. 3.

Majorana braiding and non-Abelian statistics
First, we explore the properties of the junction where the wires in
Fig. 3 meet (see the Supplementary Information for more details).
It is instructive to view the T-junction as three segments meeting
at a point. When only one segment realizes a topological phase, a
single zero-energy Majorana fermion exists at the junction. When
two topological segments meet at the junction, as in Fig. 3a and
b, generically no Majorana modes exist there. To see this, imagine

a e
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d

1�

1� 1�

1�1�

1� 1�

2�

2�

2�
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Figure 3 |A T-junction provides the simplest wire network that enables
meaningful adiabatic exchange of Majorana fermions. Using the methods
of Fig. 2, one can braid Majoranas bridged by either a topological region
(dark blue lines) as in a–d, or a non-topological region (light blue lines) as
in e–h. The arrows along the topological regions in a–d are useful for
understanding the non-Abelian statistics, as outlined in the main text.

decoupling the topological segments so that two nearby Majorana
modes exist at the junction; restoring the coupling generically
combines theseMajoranas into an ordinary, finite-energy fermion.

As an illustrative example, consider the setup of Fig. 3a and
model the left and right topological segments byKitaev’smodelwith
µ = 0 and t = |⇧| in equation (1). (For simplicity we exclude the
non-topological vertical wire in Fig. 3a.) Suppose furthermore that
⇤ = ⇤L/R in the left/right chains and that the fermion cL,N at site N
of the left chain couples weakly to the fermion cR,1 at site 1 of the
right chain via H⌅ = �⌅(cL,N †cR,1 +h.c .). Using equation (2), the
Majoranas at the junction couple as follows,

H⌅ ⇥ � i⌅
2
cos

�
⇤L �⇤R

2

⇥
� L
B,N� R

A,1 (6)

and therefore generally combine into an ordinary fermion23.
An exception occurs when the regions form a ⇡-junction—
that is, when ⇤L � ⇤R = ⇡—which fine-tunes their coupling
to zero. Importantly, coupling between end Majoranas in the
semiconductor context is governed by the same⇤L�⇤R dependence
as in equation (6) (refs 21,22).

Finally, when three topological segments meet, again only
a single Majorana mode exists at the junction without fine-
tuning. Three Majorana modes appear only when all pairs of
wires simultaneously form mutual ⇡ junctions (which is possible
because the superconducting phases are defined with respect to
a direction in each wire; see the Supplementary Information).
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length Lgate of the wire.When a given gate locally tunes the chemical
potential across |µ| = µc, a finite excitation gap Egap ⇥ h̄v⇡/Lgate
remains. (Roughly, the gate creates a potential well that supports
only k larger than ⇥⇡/Lgate.) Assuming gµB|Bz |/2 ⇥ 2|⇧| and
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estimate—heavy-element wires such as InSb and/or narrower gates
could generate substantially larger gaps.

Local gates allow Majorana fermions to be transported, created,
and fused, as outlined in Fig. 2. As one germinates pairs of Majorana
fermions, the ground state degeneracy increases, as does our capac-
ity to topologically store quantum information. Specifically, 2nMa-
joranas generate n ordinary zero-energy fermions, with occupation
numbers that specify topological qubit states. Adiabatically braiding
the Majorana fermions to manipulate these qubits, however, is
impossible in a single wire. Thus we now turn to the simplest
arrangement permitting exchange—the T-junction of Fig. 3.

Majorana braiding and non-Abelian statistics
First, we explore the properties of the junction where the wires in
Fig. 3 meet (see the Supplementary Information for more details).
It is instructive to view the T-junction as three segments meeting
at a point. When only one segment realizes a topological phase, a
single zero-energy Majorana fermion exists at the junction. When
two topological segments meet at the junction, as in Fig. 3a and
b, generically no Majorana modes exist there. To see this, imagine
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decoupling the topological segments so that two nearby Majorana
modes exist at the junction; restoring the coupling generically
combines theseMajoranas into an ordinary, finite-energy fermion.

As an illustrative example, consider the setup of Fig. 3a and
model the left and right topological segments byKitaev’smodelwith
µ = 0 and t = |⇧| in equation (1). (For simplicity we exclude the
non-topological vertical wire in Fig. 3a.) Suppose furthermore that
⇤ = ⇤L/R in the left/right chains and that the fermion cL,N at site N
of the left chain couples weakly to the fermion cR,1 at site 1 of the
right chain via H⌅ = �⌅(cL,N †cR,1 +h.c .). Using equation (2), the
Majoranas at the junction couple as follows,

H⌅ ⇥ � i⌅
2
cos

�
⇤L �⇤R

2

⇥
� L
B,N� R

A,1 (6)

and therefore generally combine into an ordinary fermion23.
An exception occurs when the regions form a ⇡-junction—
that is, when ⇤L � ⇤R = ⇡—which fine-tunes their coupling
to zero. Importantly, coupling between end Majoranas in the
semiconductor context is governed by the same⇤L�⇤R dependence
as in equation (6) (refs 21,22).

Finally, when three topological segments meet, again only
a single Majorana mode exists at the junction without fine-
tuning. Three Majorana modes appear only when all pairs of
wires simultaneously form mutual ⇡ junctions (which is possible
because the superconducting phases are defined with respect to
a direction in each wire; see the Supplementary Information).
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and therefore generally combine into an ordinary fermion23.
An exception occurs when the regions form a ⇡-junction—
that is, when ⇤L � ⇤R = ⇡—which fine-tunes their coupling
to zero. Importantly, coupling between end Majoranas in the
semiconductor context is governed by the same⇤L�⇤R dependence
as in equation (6) (refs 21,22).

Finally, when three topological segments meet, again only
a single Majorana mode exists at the junction without fine-
tuning. Three Majorana modes appear only when all pairs of
wires simultaneously form mutual ⇡ junctions (which is possible
because the superconducting phases are defined with respect to
a direction in each wire; see the Supplementary Information).
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We study multiband semiconducting nanowires proximity coupled with an s-wave superconductor and calculate
the topological phase diagram as a function of the chemical potential and magnetic field. The nontrivial topological
state corresponds to a superconducting phase supporting an odd number of pairs of Majorana modes localized at
the ends of the wire, whereas the nontopological state corresponds to a superconducting phase with no Majoranas
or with an even number of pairs of Majorana modes. Our key finding is that multiband occupancy not only
lifts the stringent constraint of one-dimensionality, but also allows having higher carrier density in the nanowire.
Consequently, multiband nanowires are better suited for stabilizing the topological superconducting phase and for
observing the Majorana physics. We present a detailed study of the parameter space for multiband semiconductor
nanowires focusing on understanding the key experimental conditions required for the realization and detection
of Majorana fermions in solid-state systems. We include various sources of disorder and characterize their effects
on the stability of the topological phase. Finally, we calculate the local density of states as well as the differential
tunneling conductance as functions of external parameters and predict the experimental signatures that would
establish the existence of emergent Majorana zero-energy modes in solid-state systems.
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I. INTRODUCTION

The search for Majorana fermions has become an active
and exciting pursuit in condensed-matter physics.1–4 Majorana
fermions, particles which are their own antiparticles, were
originally envisioned by Majorana in 19375 in the context of
particle physics (i.e., the physics of neutrinos). However, the
current search for Majorana particles is mostly taking place in
condensed-matter systems,6,7 where Majorana quasiparticles
appear in electronic systems as a result of fractionalization
and as emergent modes occupying nonlocal zero energy
states. The nonlocality of these modes provides the ability
to exchange and manipulate fractionalized quasiparticles and
leads to non-Abelian braiding statistics.8–14 Hence, in addition
to being of paramount importance for fundamental physics,
this property of the Majoranas places them at the heart of
topological quantum computing schemes.13,15–29 We mention
that solid-state systems, where the Majorana mode emerges
as a zero-energy state of an effective (but realistic) low-
energy Hamiltonian, enable the realization of the Majorana
operator itself, not just of the Majorana particle. Consequently,
Majorana physics in solid-state systems is, in fact, much
more subtle than originally envisioned by Majorana in 1937.
For example, in condensed-matter systems the nonlocal non-
Abelian topological nature of the Majorana modes that are of
interest to us is a purely emergent property.

About 10 years ago, Read and Green9 discovered that
Majorana zero-energy modes can appear quite naturally in
two-dimensional (2D) chiral p-wave superconductors where
these quasiparticles, localized at the vortex cores, correspond
to an equal superposition of a particle and a hole. A year
later, Kitaev11 introduced a very simple toy model for a 1D
Majorana quantum wire with localized Majorana zero-energy
modes at the ends. Both these proposals involve spinless
p-wave superconductors where one can explicitly demonstrate
the existence of Majorana zero-energy modes by solving
the corresponding mean-field Hamiltonian. Recently, several

groups30,31 suggested a way to engineer spinless p-wave
superconductors in the laboratory using a combination of
strong spin-orbit coupling and superconducting proximity
effect, thus opening the possibility of realizing Majorana
fermions in solid-state systems to the experimental field. The
basic idea of the semiconductor/superconductor proposal31

is that the interplay of spin-orbit interaction, s-wave super-
conductivity and Zeeman spin splitting could, in principle,
lead to a topological superconducting phase with localized
zero-energy Majorana modes in the semiconductor. Since
then, there have been many proposals for realizing solid-state
Majoranas in various superconducting heterostructures.30–45

Among them, the most promising ones involve quasi-1D
semiconductor nanowires with strong spin-orbit interaction
proximity-coupled with an s-wave superconductor.37,38,40 The
main advantage of this proposal is its simplicity: It does
not require any specialized new materials but rather involves
a conventional semiconductor with strong Rashba coupling
such as InAs or InSb, a conventional superconductor such
as Al or Nb, and an in-plane magnetic field. High-quality
semiconductor nanowires can be epitaxially grown (see, for
example, Ref. 46 for InAs and Ref. 47 for InSb) and are known
to have a large spin-orbit interaction strength α as well as large
Lande g factor [gInAs ∼ 10–25 (Ref. 48) and gInSb ∼ 20–70
(Ref. 47)]. Furthermore, these materials are known to form
interfaces that are highly transparent for electrons, allowing
one to induce a large superconducting gap ".49–51 Thus,
semiconductor nanowires show great promise for realizing and
observing Majorana particles.6,7 It is important to emphasize
that in the superconductor-semiconductor heterostructures the
Majorana mode is constructed or engineered to exist as a
zero-energy state, and as such, it should be experimentally
observable in the laboratory under the right conditions.

In a strictly 1D nanowire in contact with a superconductor,
the condition for driving the system into a topological
superconducting phase37,38 is |Vx | >

√
"2 + µ2, where Vx is

144522-11098-0121/2011/84(14)/144522(29) ©2011 American Physical Society

MAJORANA FERMIONS IN SEMICONDUCTOR NANOWIRES PHYSICAL REVIEW B 84, 144522 (2011)

FIG. 30. (Color online) LDOS for a nanowire with charged
impurities. The top picture corresponds to a trivial SC state with
N = 0, while the bottom picture is for a system with N = 1. The
linear impurity density is nimp = 7 µm. Notice that all the low-energy
states are strongly localized, but the clear-cut distinction between the
two phases holds.

from a phase characterized by a well-defined gap to a phase
with strong zero-energy peaks localized near the ends of the
wire. However, what is the signature of the transition?

Figure 31 shows the spectrum and the LDOS of a
system with a Zeeman field ! = 21.5Eα . In a clean wire
this corresponds to the transition between the N = 0 and
N = 1 phases, which is marked by the vanishing of the
quasiparticle gap, as shown in Figs. 10 and 12. The LDOS
is characterized by a distribution of the spectral weight over
the entire low-energy range of interest. This property holds
at any position along the wire. Adding disorder induces
localization, but does not change this key property. In fact,
based on the analysis of the results shown in Fig. 24, we
know that in disordered systems this type of critical behavior
will characterize a finite range of Zeeman fields. Observing
the transition between the topologically trivial and nontrivial
phases, which is characterized by the closing of the gap and
by a spectral weight distributed over a wide energy range, is
the final ingredient necessary for unambiguously identifying
the Majorana bound states using LDOS measurements.

B. Tunneling differential conductance

An ideal type of measurement that exploits the properties
identified in the previous subsection consists of tunneling
into the ends of the wire and measuring the differential
conductance.71–75 To a first approximation, dI/dV is propor-
tional to the LDOS at the end of the wire, so the general
discussion presented above should apply. Here we focus on
certain specific aspects of a tunneling experiment, for example,
the specific form of the tunneling matrix elements and the role
of finite temperature, that may limit the applicability of our
conclusions. We find that values of the parameters consistent

FIG. 31. (Color online) Energy spectrum and LDOS in the
vicinity a topological phase transition. (Top) The spectra of a
system with ! = 21.5Eα without disorder (blue diamonds) and in
the presence of charged impurities (nimp = 0.7/µm, orange squares).
Note the absence of a gap. The corresponding LDOS are shown in
the middle (clean system) and bottom (disordered wire) panels. The
spectral weight is distributed over the entire energy range, including
at positions near the ends of the wire.
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with an unambiguous identification of the Majorana bound
state in the SM nanowire are well within a realistic parameter
regime.

The tunneling current between a metallic tip and the
nanowire can be evaluated within the Keldysh nonequilibrium
formalism.76 In terms of real-space Green’s functions we have

I = e

h

∫
dωReTr

{[
1 − GR

0 (ω)"R(ω − eV )
]−1

×
[
(1 − 2fω−eV )GR

0 (ω)"R(ω − eV ) + 2(fω−eV − fω)

×GR
0 "A(ω − eV ) − (1 − 2fω)GA

0 (ω)"A(ω − eV )
]

×
[
1 − GA

0 (ω)"A(ω − eV )
]−1}

, (46)

where V is the bias voltage applied between the tip and the
nanowire and fω = 1/(eβω + 1) is the Fermi-Dirac distribu-
tion function corresponding to a temperature kbT = β−1. The
retarded (advanced) Green’s function for the nanowire has the
expression

G
R(A)
0 (r,r ′,ω) =

∑

n

{
u∗

n(r)un(r ′)
ω − En ± iη

+ v∗
n(r)vn(r ′)

ω + En ± iη

}
, (47)

where un and vn are the particle and hole components of the
wave function corresponding to the energy En. The wave
functions and the energies are obtained by diagonalizing
the effective BdG Hamiltonian for the nanowire, including
the contibution from disorder, as described in the previous
sections. The matrices "R(A) contain information about the tip
and the tip-nanowire coupling. Specifically, we have

"R(A)(r,r ′,ω) = γr,r ′

∫
dx

ν(x)
ω − x ± iη

, (48)

where ν(x) represents the density of states of the metallic tip
and γr,r depends on the tunneling matrix elements between the
tip and the wire. We note that in Eq. (46) the trace is taken over
the position vectors. We consider a tunneling model in which
the amplitude of the tunneling matrix elements vary exponen-
tially with the distance from the metallic tip. Specifically, we
have γr,rγ0θrθr ′ , where γ0 gives the overall strength of the
tip-nanowire coupling and the position-dependent factor is

θr = e− 1
ξ

[
√

(x−xtip)2+(y−ytip)2+(z−ztip)2−xtip], (49)

with (xtip,ytip,ztip) being the position vector for the tip and ξ
a characteristic length scale associated with the exponential
decay of the tip-wire coupling. In the numerical calculations
we take ξ = 0.4a and (xtip,ytip,ztip) = (−3a,Ly/2,Lz/2); that
is, the tip is is at a distance equal with three lattice spacings
away from the end of the wire. With these choices, the
differential conductance becomes

dI

dV
∝ −

∑

n

[f ′(En − eV )|〈un|θ〉|2

+ f ′(−En − eV )|〈vn|θ〉|2], (50)

where the matrix elements 〈un|θ〉 and 〈vn|θ〉 involve sum-
mations over the lattice sites of the nanowire system and
provide the amplitudes for tunneling into specific states. Finite
temperature effects are incorporated through the derivatives of
the Fermi-Dirac function, f ′.

FIG. 32. (Color online) Differential conductance for tunneling
into the end of a superconducting nanowire. The curves correspond to
different values of the Zeeman field ranging from " = 11Eα (bottom)
to " = 36Eα (top) in steps of Eα . The curves were shifted vertically
for clarity. The trivial SC phase (" < 21Eα) is characterized by a gap
that vanishes in the critical region (" ≈ 21Eα). The signature of the
topological phase is the zero-energy peak resulting from tunneling
into the Majorana mode. The differential conductance was calculated
at a temperature T ≈ 50 mK for a disordered wire with a linear
density of charged impurities nimp = 7/µm.

The dependence of the tunneling differential conductance
on the bias voltage for a superconducting nanowire with
disorder is shown in Fig. 32. Different curves correspond
to different values of the Zeeman field between " = 11Eα
(bottom) and " = 36Eα (top) and are shifted vertically for
clarity. The temperature used in the calculation is 50 mK,
a value that can be easily reached experimentally. Lower
temperature values will generate sharper features, but the
overall picture remains qualitatively the same. Note that the
closing of the gap in the critical region between the trivial SC
phase and the topological SC phase can be clearly observed.
In this region dI/dV has features over the entire low-energy
range, as discussed in the previous section. The Majorana
bound state at " > 22Eα is clearly marked by a sharp peak at
V = 0, separated by a gap from other finite energy features. We
conclude that measuring the tunneling differential conductance
can provide a clear and unambiguous probe for Majorana
bound states in SM nanowires.
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All elementary particles have an antiparticle of opposite charge (for 
example, an electron and a positron); the meeting of a particle with its 
antiparticle results in the annihilation of both. A special class of parti-
cles, called Majorana fermions, are predicted to exist that are identical to 
their own antiparticle (1). They may appear naturally as elementary par-
ticles, or emerge as charge-neutral and zero-energy quasi-particles in a 
superconductor (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 topological phase (4–
11). 

Based on earlier semiconductor-based proposals, (6) and later (7), 
Lutchyn et al. (8) and Oreg et al. (9) have outlined the necessary ingre-
dients for engineering a nanowire device that should accommodate pairs 
of Majoranas. The starting point is a one-dimensional nanowire 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, ȝ, is inside this gap, the degeneracy is two-
fold whereas outside the gap it is four-fold. The next ingredient is to 
connect the semiconducting nanowire to an ordinary s-wave supercon-
ductor (Fig. 1A). The proximity of the superconductor induces pairing in 
the nanowire between electron states of opposite momentum and oppo-
site spins and induces a gap, ǻ. Combining this two-fold degeneracy 
with an induced gap creates a topological superconductor (4–11). The 
condition for a topological phase is EZ > (ǻ2 + ȝ2)1/2, with the Zeeman 
energy, EZ = gȝBB/2 (g is the Landé g-factor; ȝB the Bohr magneton). 
Near the ends of the wire, the electron density is reduced to zero and 
subsequently ȝ will drop below the subband energies such that ȝ2 be-
comes large. At the points in space where EZ = (ǻ2 + ȝ2)1/2 Majoranas 
arise as zero-energy (i.e., mid-gap) bound states—one at each end of the 
wire (4, 8–11). 

Despite their zero charge and energy, Majoranas can be detected in 
electrical measurements. Tunneling spectroscopy from a normal conduc-
tor into the end of the wire should reveal 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 is absent if we 
take out any of the necessary ingredi-
ents of the Majorana proposals, i.e., 
the rigid zero bias peak disappears for 
zero magnetic field, for a magnetic 
field parallel to the spin-orbit field, or 
when we take out the superconductivi-
ty. 

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 parameter Į § 0.2 eV•Å (17). 
This translates to a spin-orbit energy 
scale Į2m*/(2ƫ2) § 50 ȝeV (m* = 
0.015me is the effective electron mass 
in InSb, me is the bare electron mass). 
Importantly, the g-factor in bulk InSb 
is very large, g § 50, yielding EZ/B § 
1.5 meV/T. As shown below, we find 
an induced superconducting gap ǻ § 
250 ȝeV. For ȝ = 0 we thus expect to 

enter the topological phase for B ~ 0.15 T where EZ starts to exceed ǻ. 
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 significantly reduced in a disordered 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 one Kelvin 
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 before we randomly 
deposit a low density of InSb nanowires. Next, we electrically contact 
those nanowires that have landed properly relative to the gates. The low-
er contact in Fig. 1B fully covers the bottom part of the nanowire. We 
have designed the upper 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, result-
ing in three sample variations: N-NW-S, N-NW-N and S-NW-S. Here 
we discuss 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 superconductor we create a 
tunnel barrier in the nanowire by applying a negative voltage to a narrow 
gate (dark green gate in Fig. 1, B and C). A bias voltage applied exter-
nally between the N and S contacts drops almost completely across the 
tunnel barrier. In this setup the differential conductance dI/dV at voltage 
V is proportional to the density of states at energy E = eV, relative to the 
zero-energy, dashed line in Fig. 1C. Figure 1D shows an example taken 
at B = 0. The two peaks at ±250 ȝeV correspond to the peaks in the qua-
si-particle density of states of the induced superconductor, providing a 
value for the induced gap, ǻ § 250 ȝeV. We generally find a finite dI/dV 
in between these gap edges. We observe pairs of resonances with ener-
gies symmetric around zero bias superimposed on non-resonant currents 
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Majorana fermions are particles identical to their own antiparticles. They have been 
theoretically predicted to exist in topological superconductors. We report electrical 
measurements on InSb nanowires contacted with one normal (Au) and one 
superconducting electrode (NbTiN). Gate voltages vary electron density and define 
a tunnel barrier between normal and superconducting contacts. In the presence of 
magnetic fields of order 100 mT we observe bound, mid-gap 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.  o
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covered with superconductor is much less effective due to efficient 
screening. The number of occupied subbands in this part is unknown, but 
it is most likely multi-subband. As shown in figs. S9 and S11 of (20) we 
do have to tune gate 1 and the tunnel barrier to the right regime in order 
to observe the ZBP. 

We have measured in total several hundred panels sweeping various 
gates on different devices. Our main observations (20) are (i) ZBP exists 
over a substantial voltage range for every gate starting from the barrier 
gate until gate 4, (ii) we can occasionally split the ZBP in two peaks 
located symmetrically around zero, and (iii) we can never move the peak 
away from zero to finite bias. Data sets such as those in Figs. 2 and 3 
demonstrate that the ZBP remains stuck to zero energy over considerable 
changes in B and gate voltage Vg. 

Figure 3D shows the temperature dependence of the ZBP. We find 

that the peak disappears at around ~300 mK, providing a thermal energy 
scale of kBT ~ 30 ȝeV. The full-width at half-maximum at the lowest 
temperature is ~20 ȝeV, which we believe is a consequence of thermal 
broadening as 3.5·kBT(60 mK) = 18 ȝeV. 

Next we verify explicitly that all the required ingredients in the theo-
retical Majorana proposals (Fig. 1A) are indeed essential for observing 
the ZBP. We have already verified that a nonzero B-field is needed. 
Now, we test if spin-orbit interaction is crucial for the absence or pres-
ence of the ZBP. Theory requires that the external B has a component 
perpendicular to Bso. We have measured a second device in a different 
setup containing a 3D vector magnet such that we can sweep the B field 
in arbitrary directions. In Fig. 4 we show dI/dV versus V while varying 
the angle for a constant field magnitude. In Fig. 4A the plane of rotation 
is approximately equal to the plane of the substrate. We clearly observe 
that the ZBP comes and goes with angle. The ZBP is completely absent 
around ʌ/2, which thereby we deduce as the direction of Bso. In Fig. 4B 
the plane of rotation is perpendicular to Bso. Indeed we observe that the 
ZBP is now present for all angles, because B is now always perpendicu-
lar to Bso. These observations are in full agreement with expectations for 
the spin-orbit direction in our samples (17, 31). We have further verified 
that this angle dependence is not a result of the specific magnitude of B 
or a variation in g-factor (20). 

As a last check we have fabricated and measured a device of identi-
cal design but with the superconductor replaced by a normal Au contact 
(i.e., a N-NW-N geometry). In this sample we have not found any signa-
ture of a peak that sticks to zero bias while changing both B and Vg (20). 

Fig. 3. Gate voltage dependence. (A) 2D color plot of dI/dV 
versus V and voltage on gate 2 at 175 mT and 60 mK. An-
dreev bound states cross through zero bias, for example 
near -5 V (dotted lines). The ZBP is visible from –10 to ~5 V 
(although in this color setting it is not equally visible every-
where). Split peaks are observed in the range of 7.5 to 10 V 
(20). In (B) and (C) we compare voltage sweeps on gate 4 
for 0 and 200 mT with the zero bias peak absent and pre-
sent, respectively. Temperature is 50 mK. [Note 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 off-
set for clarity (except for the lowest trace). Traces are taken 
at different temperatures (from bottom to top: 60, 100, 125, 
150, 175, 200, 225, 250, and 300 mK). dI/dV outside ZBP at 
V = 100 ȝeV is 0.12 ± 0.01·2e2/h for all temperatures. A full-
width at half-maximum of 20 ȝeV is measured between ar-
rows. All data in this figure are from device 1. 

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 from device 1. (B) Color scale 
plot of dI/dV versus V and B. The zero-bias peak is highlight-
ed by a dashed oval. 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 dotted lines). 
Traces in (A) are extracted from (B). 
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covered with superconductor is much less effective due to efficient 
screening. The number of occupied subbands in this part is unknown, but 
it is most likely multi-subband. As shown in figs. S9 and S11 of (20) we 
do have to tune gate 1 and the tunnel barrier to the right regime in order 
to observe the ZBP. 

We have measured in total several hundred panels sweeping various 
gates on different devices. Our main observations (20) are (i) ZBP exists 
over a substantial voltage range for every gate starting from the barrier 
gate until gate 4, (ii) we can occasionally split the ZBP in two peaks 
located symmetrically around zero, and (iii) we can never move the peak 
away from zero to finite bias. Data sets such as those in Figs. 2 and 3 
demonstrate that the ZBP remains stuck to zero energy over considerable 
changes in B and gate voltage Vg. 

Figure 3D shows the temperature dependence of the ZBP. We find 

that the peak disappears at around ~300 mK, providing a thermal energy 
scale of kBT ~ 30 ȝeV. The full-width at half-maximum at the lowest 
temperature is ~20 ȝeV, which we believe is a consequence of thermal 
broadening as 3.5·kBT(60 mK) = 18 ȝeV. 

Next we verify explicitly that all the required ingredients in the theo-
retical Majorana proposals (Fig. 1A) are indeed essential for observing 
the ZBP. We have already verified that a nonzero B-field is needed. 
Now, we test if spin-orbit interaction is crucial for the absence or pres-
ence of the ZBP. Theory requires that the external B has a component 
perpendicular to Bso. We have measured a second device in a different 
setup containing a 3D vector magnet such that we can sweep the B field 
in arbitrary directions. In Fig. 4 we show dI/dV versus V while varying 
the angle for a constant field magnitude. In Fig. 4A the plane of rotation 
is approximately equal to the plane of the substrate. We clearly observe 
that the ZBP comes and goes with angle. The ZBP is completely absent 
around ʌ/2, which thereby we deduce as the direction of Bso. In Fig. 4B 
the plane of rotation is perpendicular to Bso. Indeed we observe that the 
ZBP is now present for all angles, because B is now always perpendicu-
lar to Bso. These observations are in full agreement with expectations for 
the spin-orbit direction in our samples (17, 31). We have further verified 
that this angle dependence is not a result of the specific magnitude of B 
or a variation in g-factor (20). 

As a last check we have fabricated and measured a device of identi-
cal design but with the superconductor replaced by a normal Au contact 
(i.e., a N-NW-N geometry). In this sample we have not found any signa-
ture of a peak that sticks to zero bias while changing both B and Vg (20). 

Fig. 3. Gate voltage dependence. (A) 2D color plot of dI/dV 
versus V and voltage on gate 2 at 175 mT and 60 mK. An-
dreev bound states cross through zero bias, for example 
near -5 V (dotted lines). The ZBP is visible from –10 to ~5 V 
(although in this color setting it is not equally visible every-
where). Split peaks are observed in the range of 7.5 to 10 V 
(20). In (B) and (C) we compare voltage sweeps on gate 4 
for 0 and 200 mT with the zero bias peak absent and pre-
sent, respectively. Temperature is 50 mK. [Note 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 off-
set for clarity (except for the lowest trace). Traces are taken 
at different temperatures (from bottom to top: 60, 100, 125, 
150, 175, 200, 225, 250, and 300 mK). dI/dV outside ZBP at 
V = 100 ȝeV is 0.12 ± 0.01·2e2/h for all temperatures. A full-
width at half-maximum of 20 ȝeV is measured between ar-
rows. All data in this figure are from device 1. 

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 from device 1. (B) Color scale 
plot of dI/dV versus V and B. The zero-bias peak is highlight-
ed by a dashed oval. 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 dotted lines). 
Traces in (A) are extracted from (B). 
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throughout the gap region. Symmetric resonances likely originate from 
Andreev bound states (21, 22), whereas non-resonant current indicates 
that the proximity gap has not fully developed (23). 

Figure 2 summarizes our main result. Figure 2A shows a set of 
dI/dV versus V traces taken at increasing B-fields in 10 mT steps from 
zero (lowest trace) to 490 mT (top trace), offset for clarity. We again 
observe the gap edges at ±250 ȝeV. 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 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 
symmetry around B = 0 is typical for all our data sets, demonstrating 
reproducibility and the absence of hysteresis. We indicate the gap edges 
with horizontal dashed lines (highlighted only for B < 0). A pair of res-
onances crosses zero energy at ~0.65 T with a slope of order EZ (high-
lighted by 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). By 
contrast, the zero-bias peak sticks to zero energy over a range of ǻB ~ 
300 mT centered around ~250 mT. Again at ~400 mT we observe two 
peaks located at symmetric, finite biases. 

In order to identify the origin of these zero-bias peaks (ZBP) we 
need to consider various options, including the Kondo effect, Andreev 
bound states, weak antilocalization 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, when changing B these peaks then split and move to 
finite energy. A Kondo resonance moves with twice Ez (24), which is 
easy to dismiss as the origin for our zero-bias peak because of the large 
g-factor in InSb. (Note that even a Kondo effect from an impurity with g 
= 2 would be discernible.) Reflectionless tunneling is an enhancement of 
Andreev reflection by time-reversed paths in a diffusive normal region 
(26). As in the case of weak antilocalization, the resulting ZBP is maxi-
mal 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 expla-
nations for our observations. We are not aware of any mechanism that 

could explain our observations, besides the conjecture of a Majorana. 
To further investigate the zero-biasness of our peak, we measure 

gate voltage dependences. Figure 3A shows a color panel with voltage 
sweeps on gate 2. The main observation is the occurrence of two oppo-
site types of behavior. First, we observe peaks in the density of states 
that change with energy when changing gate voltage (e.g., highlighted 
with dotted lines), these are the same resonances as shown in Fig. 2B 
and analyzed in (20). The second observation is that the ZBP from Fig. 
2, which we take at 175 mT, remains stuck to zero bias while changing 
the gate voltage over a range of several volts. Clearly, our gates work 
since they change the Andreev bound states by ~0.2 meV per Volt on the 
gate. Panels (B) and (C) underscore this observation with voltage sweeps 
on a different gate, number 4. (B) shows that at zero magnetic field no 
ZBP is observed. At 200 mT the ZBP becomes again visible in (C). 
Comparing the effect of gates 2 and 4, we observe that neither moves the 
ZBP away from zero. 

Initially, Majorana fermions were predicted in single-subband, one-
dimensional wires (8, 9), but further work extended these predictions to 
multi-subband wires (27–30). In the nanowire section that is uncovered 
we can gate tune the number of occupied subbands from 0 to ~4 with 
subband separations of several meV. Gate tuning in the nanowire section 

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 nan-
owire. 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 spin-up band (red) to the 
right. Blue and red parabola are for B = 0. Black curves are for 
B � 0, illustrating the formation of a gap near k = 0 of size gȝBB. 
(ȝ is the Fermi energy with ȝ = 0 defined at crossing of parabo-
las at k = 0). The superconductor induces pairing between 
states of opposite momentum and opposite spin creating a gap 
of size ǻ. (B) Implemented version of theoretical proposals. 
Scanning electron microscope image of the device with normal 
(N) and superconducting (S) contacts. The S-contact only co-
vers the right part of the nanowire. The underlying gates, num-
bered 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. (Down) illustration of 
energy states. Green indicates the tunnel barrier separating the 
normal part of the nanowire on the left from the wire section 
with induced superconducting gap, ǻ. [In (B) the barrier gate is 
also marked 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 differen-
tial 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 from device 1. 
The two large peaks, separated by 2ǻ, correspond to the quasi-
particle singularities above the induced gap. Two smaller 
subgap peaks, indicated by arrows, likely correspond to An-
dreev bound states located symmetrically around zero energy. 
Measurements are performed in dilution refrigerators using 
standard low-frequency lock-in technique (frequency 77 Hz, 
excitation 3 ȝV) in the four-terminal (devices 1 and 3) or two-
terminal (device 2) current-voltage geometry. 
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Zero-bias peaks and splitting in an Al–InAs
nanowire topological superconductor as a
signature of Majorana fermions
Anindya Das†, Yuval Ronen†, Yonatan Most, Yuval Oreg, Moty Heiblum* and Hadas Shtrikman

Majorana fermions are the only fermionic particles that are expected to be their own antiparticles. Although elementary
particles of theMajorana type have not been identified yet, quasi-particleswithMajorana-like properties, born from interacting
electrons in the solid, have been predicted to exist. Here, we present thorough experimental studies, backed by numerical
simulations, of a system composed of an aluminium superconductor in proximity to an indium arsenide nanowire, with the
latter possessing strong spin–orbit coupling and Zeeman splitting. An induced one-dimensional topological superconductor,
supporting Majorana fermions at both ends, is expected to form. We concentrate on the characteristics of a distinct zero-bias
conductance peak and its splitting in energy—both appearing only with a small magnetic field applied along the wire. The
zero-bias conductance peakwas found to be robustly tied to the Fermi energy over awide range of systemparameters. Although
not providing definite proof of a Majorana state, the presented data and the simulations support its existence.

Quantum mechanics and special relativity were merged into
a single theory when Dirac presented his equation in
19291, with a solution predicting an electron and an anti-

electron partner—the positron. Majorana, however, showed that
Dirac’s equation also has real solutions—the so-called Majorana
fermions2, which are their own anti-particles3. In condensed-
matter physics, the Majorana fermion is an emergent quasi-particle
zero-energy state4,5. The fundamental aspects of Majoranas and
their non-Abelian braiding properties6,7 offer possible applications
in quantum computation8–10. Examples of leading candidates to
host Majoranas are: Moore–Read-type states in the fractional
quantum Hall effect11; vortices in two-dimensional (2D) p+ ip

spinless superconductors12; and domain walls in 1D p-wave
superconductors4,13. As conventional s-wave superconductors are
more easily implemented than p-wave ones, several suggestions
for their implementations have recently been proposed: the
surface of a 3D topological insulator in proximity to an s-wave
superconductor14; a 2D semiconductor with strong spin–orbit
coupling in proximity to an s-wave superconductor under broken
time reversal symmetry (using a local ferromagnet15,16 or an external
magnetic field17); and a 1D semiconductor with the Majorana
quasi-particles appearing at the two ends of the 1D wire4,5,18,19.
Specifically, the authors of refs 18,19 proposed to employ InAs or
InSb nanowires, possessing strong spin–orbit coupling and large
Zeeman splitting at low magnetic fields, in proximity to an s-wave
superconductor. Following the suggestion of ref. 19 to use an
InSb nanowire, recent reports20,21 demonstrated the observation
of a magnetic-field-induced zero-bias conductance peak (ZBP), as
expected for a zero-energyMajorana state.

Here, we report the observation of a ZBP and its splitting
under different conditions of magnetic field, chemical potential
and temperature, in a high-quality suspended InAs nanowire in
proximity to an Al superconductor. We compare the experimental
results with numerical simulations based on scattering theory and

Braun Center for Submicron Research, Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot 76100, Israel. †These authors
contributed equally to this work. *e-mail: moty.heiblum@weizmann.ac.il.

find, using the experimental parameters, a qualitative agreement of
the data with a Majorana state. We also discuss alternative models
thatmay account for the observed ZBP (refs 22–24).

Theoretical aspects ofMajorana states
As our main goal is to find evidence of the formation of Majorana
states, it is important to specify the required conditions for their
formation. The most basic requirement is that the quasi-particle
is spinless. These requirements can be satisfied by p-wave Cooper
pairing of spinless particles5, or in v + (1/2) filling factor (where
v is an integer) in the fractional quantum Hall effect11. Here
we present a realization of a 1D nanowire coupled to an s-wave
superconductor, thus, with an induced superconductivity. Rashba
spin–orbit coupling25, leading to an effective magnetic field Bso /
p⇥E (where p is the momentum along the wire and E is the electric
field perpendicular to the wire), separates electrons with opposite
spins inmomentum space. Applying amagnetic field perpendicular
to Bso will mix the two spin bands, forming two pseudo-spin
bands, Zeeman gapped by 2EZ at p = 0 (Fig. 1a,b). Inducing
superconductivity modifies the Zeeman gap at p= 0 and opens up
a gap at the Fermi momentum pF (Fig. 1c). The overall gap Eg is
the smaller of these two gaps. Three parameters are of significance:
the spin–orbit energy �so = p

2
so/2m, with ±pso = ±¯h/⌦so (Fig. 1a);

the Zeeman gap 2EZ = gµBB, where g is the Landé g -factor, µB
is the Bohr magnetron and B is the external magnetic field; and
the induced superconducting gap in the nanowire 2�ind (the Al
superconducting gap is 2�Al). For �ind > 0 and EZ = 0 the wire
is a trivial superconductor with a gapped spectrum. When EZ is
increased to EZ =

p
�2

ind +µ2, where µ is the chemical potential
(Fig. 1a), the gap at p= 0 closes at the Fermi energy, and the wire
enters the topological phase; with a topological gap reopeningwith a
further increase in EZ. Continuously changing the parameters along
the wire from its topological phase into another gapped phase must
close the gap at the phase transition point, forming a Majorana
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Figure 2 |A suspended Al–InAs nanowire on gold pedestals above p-type silicon. The p-type silicon serves as a global gate (GG) coated with 150 nm
SiO2. a, A type I device with an additional gold pedestal at the centre, a gold normal contact at each end of the wire and an aluminium superconducting
contact at the centre. Two narrow local gates (RG and LG), 50 nm wide and 25 nm high, displaced from the superconducting contact by 80 nm, affect both
the barrier height near the Al edge and the chemical potential in the wire. b, A type II device without the centre pedestal, thus allowing control of the
chemical potential under the Al contact. c, Scanning electron micrograph of a type II device (scale bar, 300 nm), with a 5 � voltage source VSD and a
cold-grounded drain. Inset: high-resolution TEM image (viewed from the h1120i zone axis) of a stacking-fault-free, wurtzite-structure, InAs nanowire,
grown on (011) InAs in the h111i direction. The TEM image (scale bar, 10 nm) is courtesy of R. Popovitz–Biro. A more detailed image can be found in the
Supplementary Information. d, An estimated potential profile along the wire.

end, some 50 nm above a Si/SiO2 substrate. Two types of device
were tested (Fig. 2a,b): in both, the wires were contacted with two
gold layers at their ends (serving as low-resistance contacts), and
a superconducting aluminium strip (100 nm thick and ⇠150 nm
wide) at the centre. In type I devices a gold pillar supported
the wire under the aluminium electrode (the Al critical field was
⇠60–70mT), whereas in type II devices the centre pillar wasmissing
(the Al critical field was⇠100–150mT for different devices) and the
critical temperature was⇠1K, consistent with the superconducting
Bardeen–Cooper–Schrieffer gap (1⇠ 150 µeV). The conducting Si
substrate served as a global gate (effective under the superconductor
only in type II devices), and two additional narrow local gates
(Fig. 2d), placed 80 nm away from the superconductor edges
(25 nm thick, 50 nm wide). Being close to the wire, they affected
both the potential barriers near the edges of the superconductor,
and the chemical potential along the wire.

Before cooling, the devices dwelled at room temperature in a
vacuum pumped chamber for 24 h with the conductance increasing
by some 20-fold (owing to desorption of surface impurities).
With the dilution refrigerator temperature at 10mK, the estimated
electron temperature in the wire was ⇠30mK. A 575Hz 1–2 µV
root-mean-squared signal was fed to the superconducting contact
and the resultant current was collected at one side of the wire (by
the ohmic contact), to be amplified later by a home-made current
amplifier (Fig. 2). We also measured the conductance at a higher
frequency (⇠1MHz), employing a low-noise voltage preamplifier
cooled to 1K (ref. 29).

Our numerical simulations were based on a generalization of the
formalism pioneered by Blonder, Tinkham and Klapwijk30, which
allows modelling a large number of segments in the wire, including
spin flip processes, going beyond the small bias approximation.
Each segment was characterized by different parameters, with
discontinuous jumps at the interfaces. Using wavefunctions
matching at the interfaces, the Bogoliubov–de Gennes equations
were solved to find the scattering states at each energy and thus the
corresponding transmission and reflection amplitudes (for further
details see, the Supplementary Information and refs 31–34).

Study of the parameters
We start with a calibration of the two types of studied device. Bare
and ungated wires are n-type with a density of⇠106 cm�1, and thus
are likely to occupy a single subband. The presence of disorder and
weak barriers near the metal contacts make the conductance highly
sensitive to the chemical potential, namely, to the gate voltage. At
the lower conductance range (large barrier at the superconductor
interface, or low density), Cooper pair transport is suppressed
and the zero-bias conductance may be flat or exhibit either dips
or peaks. There are a few potential causes of the observed ZBPs;
reflectionless tunnelling, being constructive interference between
electron reflection and Andreev reflection35 in S–I–N–I devices (I,
insulator; S, superconductor; N, normal), which are expected to
quench with magnetic field36,37; Andreev bound state—common
in S–N–I, likely to be split (weakly) at zero field and Zeeman split
further with field38,39; Kondo correlations—due to weakly confined
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Figure 4 | Low-bias conductance as a function of applied magnetic field parallel to the wire axis (type II device, D4). a, Colour plot. b,c, Cuts in
increments 1B⇠ 2 mT (each shifted by ⇠ 0.02e2/h). At B= 0, there is a typical conductance dip at VSD = 0, flanked by two shoulders at
±eVSD =�ind ⇠ 45 µV, and outer peaks at ±eVSD =�Al ⇠= 150 µV. At B⇠ 30 mT, the two shoulders merge into a single ZBP, and remain robust until
⇠70 mT. Beyond ⇠70 mT the ZBP splits and the conductance features are weaker. c, Zoom in of cuts between ⇠65–120 mT. The split peaks remain nearly
parallel with increasing B. d, A simulation of the conductance with a topological segment length of 160 nm and spin–orbit energy of �so = 70 µeV. A
second channel was added in parallel, which ends with a �Al superconductor, to account for the quasiparticles tunnelling into the aluminium at high
energy (the contribution of this channel was ⇠75%, and that of the main channel was ⇠25%; see Supplementary Information). The measured dependence
of �Al and �ind on the magnetic field was used. The data were convolved with a Fermi–Dirac kernel to simulate an electron temperature of 30 mK.

shoulders, which are a representation of the so-called induced
gap in the nanowire. Determined by Cooper pairs tunnelling
into the wire, this feature was found to be strongly dependent
on the chemical potential in the wire, which in turn affected
the wavefunction in the wire and consequently the tunnelling
probability of the Cooper pairs. A typical value was �ind ⇠= 50 µeV.
The second feature, at higher bias, is two distinct peaks, being
the representation of the bulk aluminium gap, �Al ⇠= 150 µeV.
The latter assignment was verified by carrying out a ⇠1MHz shot
noise measurement (type I device), revealing an abrupt change

in the slope at eV SD = �Al. For a transmission coefficient of
the non-ideal aluminium–wire interface t ⇠ 0.6, current I and
T ⇠ 10mK, the measured noise spectral density agreed with the
single-channel expression S⇠ 2e⇤

I (1� t

⇤), with e⇤ = 2e and t ⇤ = t

2

for eV SD < �Al, and e

⇤ = e with t

⇤ = t for eV SD > �Al (ref. 29;
Supplementary Fig. S5).

Characterization of the field emerging conductance peaks
The gold pedestal under the aluminium contact in type I devices
fully screens the gate voltage, thus preventing tuning of the chemical
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Figure 4 | Low-bias conductance as a function of applied magnetic field parallel to the wire axis (type II device, D4). a, Colour plot. b,c, Cuts in
increments 1B⇠ 2 mT (each shifted by ⇠ 0.02e2/h). At B= 0, there is a typical conductance dip at VSD = 0, flanked by two shoulders at
±eVSD =�ind ⇠ 45 µV, and outer peaks at ±eVSD =�Al ⇠= 150 µV. At B⇠ 30 mT, the two shoulders merge into a single ZBP, and remain robust until
⇠70 mT. Beyond ⇠70 mT the ZBP splits and the conductance features are weaker. c, Zoom in of cuts between ⇠65–120 mT. The split peaks remain nearly
parallel with increasing B. d, A simulation of the conductance with a topological segment length of 160 nm and spin–orbit energy of �so = 70 µeV. A
second channel was added in parallel, which ends with a �Al superconductor, to account for the quasiparticles tunnelling into the aluminium at high
energy (the contribution of this channel was ⇠75%, and that of the main channel was ⇠25%; see Supplementary Information). The measured dependence
of �Al and �ind on the magnetic field was used. The data were convolved with a Fermi–Dirac kernel to simulate an electron temperature of 30 mK.

shoulders, which are a representation of the so-called induced
gap in the nanowire. Determined by Cooper pairs tunnelling
into the wire, this feature was found to be strongly dependent
on the chemical potential in the wire, which in turn affected
the wavefunction in the wire and consequently the tunnelling
probability of the Cooper pairs. A typical value was �ind ⇠= 50 µeV.
The second feature, at higher bias, is two distinct peaks, being
the representation of the bulk aluminium gap, �Al ⇠= 150 µeV.
The latter assignment was verified by carrying out a ⇠1MHz shot
noise measurement (type I device), revealing an abrupt change

in the slope at eV SD = �Al. For a transmission coefficient of
the non-ideal aluminium–wire interface t ⇠ 0.6, current I and
T ⇠ 10mK, the measured noise spectral density agreed with the
single-channel expression S⇠ 2e⇤

I (1� t

⇤), with e⇤ = 2e and t ⇤ = t

2

for eV SD < �Al, and e

⇤ = e with t

⇤ = t for eV SD > �Al (ref. 29;
Supplementary Fig. S5).

Characterization of the field emerging conductance peaks
The gold pedestal under the aluminium contact in type I devices
fully screens the gate voltage, thus preventing tuning of the chemical
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Zero-bias peaks and splitting in an Al–InAs
nanowire topological superconductor as a
signature of Majorana fermions
Anindya Das†, Yuval Ronen†, Yonatan Most, Yuval Oreg, Moty Heiblum* and Hadas Shtrikman

Majorana fermions are the only fermionic particles that are expected to be their own antiparticles. Although elementary
particles of theMajorana type have not been identified yet, quasi-particleswithMajorana-like properties, born from interacting
electrons in the solid, have been predicted to exist. Here, we present thorough experimental studies, backed by numerical
simulations, of a system composed of an aluminium superconductor in proximity to an indium arsenide nanowire, with the
latter possessing strong spin–orbit coupling and Zeeman splitting. An induced one-dimensional topological superconductor,
supporting Majorana fermions at both ends, is expected to form. We concentrate on the characteristics of a distinct zero-bias
conductance peak and its splitting in energy—both appearing only with a small magnetic field applied along the wire. The
zero-bias conductance peakwas found to be robustly tied to the Fermi energy over awide range of systemparameters. Although
not providing definite proof of a Majorana state, the presented data and the simulations support its existence.

Quantum mechanics and special relativity were merged into
a single theory when Dirac presented his equation in
19291, with a solution predicting an electron and an anti-

electron partner—the positron. Majorana, however, showed that
Dirac’s equation also has real solutions—the so-called Majorana
fermions2, which are their own anti-particles3. In condensed-
matter physics, the Majorana fermion is an emergent quasi-particle
zero-energy state4,5. The fundamental aspects of Majoranas and
their non-Abelian braiding properties6,7 offer possible applications
in quantum computation8–10. Examples of leading candidates to
host Majoranas are: Moore–Read-type states in the fractional
quantum Hall effect11; vortices in two-dimensional (2D) p+ ip

spinless superconductors12; and domain walls in 1D p-wave
superconductors4,13. As conventional s-wave superconductors are
more easily implemented than p-wave ones, several suggestions
for their implementations have recently been proposed: the
surface of a 3D topological insulator in proximity to an s-wave
superconductor14; a 2D semiconductor with strong spin–orbit
coupling in proximity to an s-wave superconductor under broken
time reversal symmetry (using a local ferromagnet15,16 or an external
magnetic field17); and a 1D semiconductor with the Majorana
quasi-particles appearing at the two ends of the 1D wire4,5,18,19.
Specifically, the authors of refs 18,19 proposed to employ InAs or
InSb nanowires, possessing strong spin–orbit coupling and large
Zeeman splitting at low magnetic fields, in proximity to an s-wave
superconductor. Following the suggestion of ref. 19 to use an
InSb nanowire, recent reports20,21 demonstrated the observation
of a magnetic-field-induced zero-bias conductance peak (ZBP), as
expected for a zero-energyMajorana state.

Here, we report the observation of a ZBP and its splitting
under different conditions of magnetic field, chemical potential
and temperature, in a high-quality suspended InAs nanowire in
proximity to an Al superconductor. We compare the experimental
results with numerical simulations based on scattering theory and
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find, using the experimental parameters, a qualitative agreement of
the data with a Majorana state. We also discuss alternative models
thatmay account for the observed ZBP (refs 22–24).

Theoretical aspects ofMajorana states
As our main goal is to find evidence of the formation of Majorana
states, it is important to specify the required conditions for their
formation. The most basic requirement is that the quasi-particle
is spinless. These requirements can be satisfied by p-wave Cooper
pairing of spinless particles5, or in v + (1/2) filling factor (where
v is an integer) in the fractional quantum Hall effect11. Here
we present a realization of a 1D nanowire coupled to an s-wave
superconductor, thus, with an induced superconductivity. Rashba
spin–orbit coupling25, leading to an effective magnetic field Bso /
p⇥E (where p is the momentum along the wire and E is the electric
field perpendicular to the wire), separates electrons with opposite
spins inmomentum space. Applying amagnetic field perpendicular
to Bso will mix the two spin bands, forming two pseudo-spin
bands, Zeeman gapped by 2EZ at p = 0 (Fig. 1a,b). Inducing
superconductivity modifies the Zeeman gap at p= 0 and opens up
a gap at the Fermi momentum pF (Fig. 1c). The overall gap Eg is
the smaller of these two gaps. Three parameters are of significance:
the spin–orbit energy �so = p

2
so/2m, with ±pso = ±¯h/⌦so (Fig. 1a);

the Zeeman gap 2EZ = gµBB, where g is the Landé g -factor, µB
is the Bohr magnetron and B is the external magnetic field; and
the induced superconducting gap in the nanowire 2�ind (the Al
superconducting gap is 2�Al). For �ind > 0 and EZ = 0 the wire
is a trivial superconductor with a gapped spectrum. When EZ is
increased to EZ =

p
�2

ind +µ2, where µ is the chemical potential
(Fig. 1a), the gap at p= 0 closes at the Fermi energy, and the wire
enters the topological phase; with a topological gap reopeningwith a
further increase in EZ. Continuously changing the parameters along
the wire from its topological phase into another gapped phase must
close the gap at the phase transition point, forming a Majorana
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ABSTRACT: Semiconductor InSb nanowires are expected to provide an
excellent material platform for the study of Majorana fermions in solid
state systems. Here, we report on the realization of a Nb−InSb nanowire−
Nb hybrid quantum device and the observation of a zero-bias conductance
peak structure in the device. An InSb nanowire quantum dot is formed in
the device between the two Nb contacts. Due to the proximity effect, the
InSb nanowire segments covered by the superconductor Nb contacts turn
to superconductors with a superconducting energy gap ΔInSb ∼ 0.25 meV.
A tunable critical supercurrent is observed in the device in high back gate
voltage regions in which the Fermi level in the InSb nanowire is located
above the tunneling barriers of the quantum dot and the device is open to
conduction. When a perpendicular magnetic field is applied to the devices,
the critical supercurrent is seen to decrease as the magnetic field increases.
However, at sufficiently low back gate voltages, the device shows the quasi-particle Coulomb blockade characteristics and the
supercurrent is strongly suppressed even at zero magnetic field. This transport characteristic changes when a perpendicular
magnetic field stronger than a critical value, at which the Zeeman energy in the InSb nanowire is Ez ∼ ΔInSb, is applied to the
device. In this case, the transport measurements show a conductance peak at the zero bias voltage and the entire InSb nanowire
in the device behaves as in a topological superconductor phase. We also show that this zero-bias conductance peak structure can
persist over a large range of applied magnetic fields and could be interpreted as a transport signature of Majorana fermions in the
InSb nanowire.
KEYWORDS: Majorana fermion, InSb nanowire, topological superconductor, zero-bias conductance peak

The search for Majorana fermions is one of the most
prominent fundamental research tasks in physics

today.1−5 Majorana fermions are an elusive class of fermions
that act as their own antiparticles.6 Although an extensive effort
has been made worldwide in particle physics, Majorana
fermions have so far not been convincingly discovered in free
space. In recent years, numerous proposals7−21 for probing
Majorana fermions in solid state systems have been suggested.
The most recent ones are to explore a topological super-
conductor phase of a strong spin−orbit coupled semiconductor
nanowire in the proximity of an s-wave superconductor.17−19

These proposals have stimulated a new wave of searches for
Majorana fermions in solid state systems.22−26

Epitaxially grown InSb nanowires are the most promising
material systems for the formation of hybrid devices with an s-
wave superconductor in which zero-energy Majorana fermions
can be created under the application of an external magnetic
field of a moderate strength. InSb nanowires27−29 possess a
large electron g factor (|g*| ∼ 30 − 70), a strong spin−orbit
interaction strength (with a spin−orbit interaction energy in
the order of ΔSOI ∼ 0.3 meV), and a small electron effective

mass (m* ∼ 0.015me). These properties should allow to
generate a helical liquid in the InSb nanowire, by applying a
relatively small magnetic field, and a nontrivial topological
superconductor,17−19 which supports a pair of Majorana
fermions, by coupling the InSb nanowire to an s-wave
superconductor under experimentally feasible conditions. The
s-wave superconductor will introduce superconductivity into
the InSb nanowire by the proximity effect30 and the external
magnetic field will then drive the strongly spin−orbit coupled
nanowire system to a topological superconductor phase
through Zeeman splitting. The giant Lande ́ g-factor of
InSb27,28 guarantees a significantly large Zeeman splitting at a
magnetic field well below the critical magnetic field of the s-
wave superconductor.
A topological superconductor nanowire can be achieved by

covering an entire InSb nanowire with an s-wave super-
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ABSTRACT: Semiconductor InSb nanowires are expected to provide an
excellent material platform for the study of Majorana fermions in solid
state systems. Here, we report on the realization of a Nb−InSb nanowire−
Nb hybrid quantum device and the observation of a zero-bias conductance
peak structure in the device. An InSb nanowire quantum dot is formed in
the device between the two Nb contacts. Due to the proximity effect, the
InSb nanowire segments covered by the superconductor Nb contacts turn
to superconductors with a superconducting energy gap ΔInSb ∼ 0.25 meV.
A tunable critical supercurrent is observed in the device in high back gate
voltage regions in which the Fermi level in the InSb nanowire is located
above the tunneling barriers of the quantum dot and the device is open to
conduction. When a perpendicular magnetic field is applied to the devices,
the critical supercurrent is seen to decrease as the magnetic field increases.
However, at sufficiently low back gate voltages, the device shows the quasi-particle Coulomb blockade characteristics and the
supercurrent is strongly suppressed even at zero magnetic field. This transport characteristic changes when a perpendicular
magnetic field stronger than a critical value, at which the Zeeman energy in the InSb nanowire is Ez ∼ ΔInSb, is applied to the
device. In this case, the transport measurements show a conductance peak at the zero bias voltage and the entire InSb nanowire
in the device behaves as in a topological superconductor phase. We also show that this zero-bias conductance peak structure can
persist over a large range of applied magnetic fields and could be interpreted as a transport signature of Majorana fermions in the
InSb nanowire.
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The search for Majorana fermions is one of the most
prominent fundamental research tasks in physics

today.1−5 Majorana fermions are an elusive class of fermions
that act as their own antiparticles.6 Although an extensive effort
has been made worldwide in particle physics, Majorana
fermions have so far not been convincingly discovered in free
space. In recent years, numerous proposals7−21 for probing
Majorana fermions in solid state systems have been suggested.
The most recent ones are to explore a topological super-
conductor phase of a strong spin−orbit coupled semiconductor
nanowire in the proximity of an s-wave superconductor.17−19

These proposals have stimulated a new wave of searches for
Majorana fermions in solid state systems.22−26

Epitaxially grown InSb nanowires are the most promising
material systems for the formation of hybrid devices with an s-
wave superconductor in which zero-energy Majorana fermions
can be created under the application of an external magnetic
field of a moderate strength. InSb nanowires27−29 possess a
large electron g factor (|g*| ∼ 30 − 70), a strong spin−orbit
interaction strength (with a spin−orbit interaction energy in
the order of ΔSOI ∼ 0.3 meV), and a small electron effective

mass (m* ∼ 0.015me). These properties should allow to
generate a helical liquid in the InSb nanowire, by applying a
relatively small magnetic field, and a nontrivial topological
superconductor,17−19 which supports a pair of Majorana
fermions, by coupling the InSb nanowire to an s-wave
superconductor under experimentally feasible conditions. The
s-wave superconductor will introduce superconductivity into
the InSb nanowire by the proximity effect30 and the external
magnetic field will then drive the strongly spin−orbit coupled
nanowire system to a topological superconductor phase
through Zeeman splitting. The giant Lande ́ g-factor of
InSb27,28 guarantees a significantly large Zeeman splitting at a
magnetic field well below the critical magnetic field of the s-
wave superconductor.
A topological superconductor nanowire can be achieved by

covering an entire InSb nanowire with an s-wave super-
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conductor. However, two technical difficulties for probing
Majorana fermions in such a system may arise. First, it may
become difficult for an applied magnetic field to penetrate
through the superconductor due to the Meissner effect. To get
a sufficiently large Zeeman splitting, a strong magnetic field
may have to be applied. This could lead to the suppression of
the superconductivity in the s-wave superconductor. Second, it
is also technically difficult to perform electrical measurements
in such a superconductor-covered nanowire system. One way of
solving the difficulties would be to lay down an InSb nanowire
on the surface of an s-wave superconductor and detect the
Majorana fermions using a scanning tunneling microscopy
setup. However, to perform such an experiment at an ultralow
temperature can be extremely challenging. In this work, we
solve these technical difficulties by employing an InSb nanowire
quantum dot based Josephson junction structure with two Nb-
based contacts. Here, Nb is employed because it has a high
superconducting critical magnetic field31 and thus a strong
magnetic field can be applied to achieve a sufficiently large
penetration field into the InSb nanowire (see Supporting
Information). The most important advantage of using such a
Josephson junction configuration is that the entire InSb
nanowire can be tuned to a topological superconductor by
the proximity effect and zero-energy Majorana fermions present
in the InSb nanowire can be detected by using the two Nb-
based contacts in a standard transport measurement setup.
Our Nb−InSb nanowire−Nb hybrid quantum device with a

structure schematically shown in figure 1a is fabricated from a
high crystalline quality, zinc blende InSb segment of an
epitaxially grown InSb/InAs heterostructure nanowire (see
Supporting Information for details). Figure 1b shows a
scanning electron microscope (SEM) image of the fabricated
device. Shown as in figure 1a, in the device, there is a Ti/Au
layer at the bottom side of the chip, serving as a global back
gate to the nanowire. By tuning the voltage applied to this back
gate, Vbg, the chemical potential in the nanowire beneath the
superconductors can be tuned, as can be seen from the change
in the overall transparency of the Josephson junction device
(see Supporting Information). The fabricated devices is first
characterized by the transport measurements over a large range
of Vbg. At sufficiently high Vbg, the device is relatively open and
show a strong Josephson supercurrent (see Supporting
Information), as observed in an InSb nanowire based
Josephson junction with two Al contacts.30 The presence of a
strong supercurrent may hinder the experimental identification
of the transport signatures of Majorana fermions in the system.
To avoid this problem, we have tuned our device to a low
conductance region in which the quasi-particle transport shows
the Coulomb blockade characteristics at a low temperature. In
the following, we will focus on measurements in the Coulomb
blockade regions in which the Josephson supercurrent is
strongly suppressed.
Figure 1c displays the differential conductance of the device

shown in figure 1b measured at the base temperature T = 25
mK and a magnetic field B = 0 T as a function of source-drain
bias voltage Vsd and back gate voltage Vbg (charge stability
diagram). Here, a clear quasi-particle Coulomb blockade
diamond structure is seen, indicating the formation of a
quasi-particle quantum dot in the InSb nanowire junction
region between the two superconductor contacts. From the
Coulomb diamond structure, we can determine that the quasi-
particle addition energy of the quantum dot is ∼7 meV, which
is much larger than the superconductor energy gap ΔNb of Nb.

Figure 1. Device layout and characterization. (a) Schematics showing
a side view (left panel) and a cross-section view (right panel) of the
structure of the Nb−InSb nanowire−Nb junction device studied in
this work. The device is made from the zinc blende InSb segment of an
InAs/InSb heterostructure nanowire with two Ti/Nb/Ti (3 nm/80
nm/5 nm) contacts on a SiO2 capped, highly doped Si substrate, using
electron beam lithography, sputtering, and lift-off process. (b) SEM
image of the fabricated Nb−InSb nanowire−Nb junction device. In
this device, the diameter of the InSb nanowire is about 65 nm, the
separation between the two Nb based contacts is about 110 nm, and
the lengths of the InSb nanowire sections covered by the two Nb
based contacts are about 740 and 680 nm, respectively. (c) Differential
conductance on a color scale measured for the device shown in part b
as a function of source-drain bias voltage Vsd and back gate voltage Vbg
(charge stability diagram) at the base temperature of T = 25 mK and a
magnetic field of B = 0 T. The measurements show a quasi-particle
Coulomb blockade diamond structure with a quasi-particle addition
energy ΔEadd ∼ 7 meV to the InSb nanowire quantum dot. The weak
vertical stripes of high conductance seen in the Coulomb blockade
region arise from multiple Andreev reflections with the super-
conductor energy gaps, ΔNb and ΔInSb, related, respectively, to the
two Nb based contacts and the two proximity-effect-induced
superconducting InSb nanowire segments covered by the Nb based
contacts. (d) Differential conductance as a function of Vsd measured
for the device shown in part b at Vbg = −11.1 V, i.e., along the white
dashed line in part c, and T = 25 mK, and at different magnetic fields
applied perpendicularly to the substrate and to the InSb nanowire. The
measured curves are successively offset by 0.02 e2/h for clarity. Here,
multiple Andreev reflection induced conductance peaks due to the
presence of the superconductor energy gaps ΔNb and ΔInSb can be
identified and are labeled for clarity. The dashed lines that mark the
peak positions are used as guidelines. (e) Differential conductance as a
function of Vsd measured for the device shown in part b at Vbg = −11.1
V, corresponding to the white dashed line in part c, and B = 0 T, and
at different temperatures. Here, the measured curves are successively
offset by 0.06 e2/h for clarity. The multiple Andreev reflection induced
conductance peaks are again seen in the measurements and are labeled
in the figure. The dashed lines are used once more as guidelines.
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Inside the Coulomb blockade region, vertical stripe features of
high conductance can be identified. These high conductance
stripe features are due to multiple Andreev reflections. Figure
1d shows the differential conductance traces measured at a fixed
back gate voltage of Vbg = −11.1 V (i.e., along the white dashed
line cut in figure 1c) and the base temperature T = 25 mK for
different magnetic fields B applied perpendicularly to the
substrate and thereby to the nanowire. Here, we can clearly
observe six conductance peaks in each measured curve, roughly
located symmetrically around Vsd = 0 V. The four peaks at
larger |Vsd| arise from the first- and second-order multiple
Andreev reflections, associated with the superconductor energy
gap ΔNb of the Nb contacts as indicated in the figure. The two
peaks at smaller |Vsd| arise from the first-order multiple Andreev
reflections, associated with the proximity effect induced
superconductor energy gap ΔInSb of the InSb nanowire.32 The
|Vsd| positions of all these peaks show weak dependences on B
at the magnetic fields of B ≤ 4.5 T, indicating that the critical
magnetic field of the thin Nb contacts is large and goes well
beyond 4.5 T. The measurements also imply that the Nb-
contacted InSb nanowire segments remain in a superconductor
phase in the presence of these applied magnetic fields. Figure
1d shows the differential conductance traces measured at Vbg =
−11.1 V and B = 0 T for different temperatures. Here, we
observe a weak temperature dependences of the |Vsd| positions
of the conductance peaks, indicating that the values of the
critical temperature Tc are high and go beyond 1 K in the Nb
and the proximity effect induced InSb nanowire super-
conductors. Furthermore, from the measured multiple Andreev
reflection conductance peaks shown in figures 1d and 1e, we
can deduce ΔNb = 1.55 meV and ΔInSb = 0.25 meV in
agreement with the measurements reported in refs. 22 and 32.
To search for Majorana fermions, we drive the Nb-contacted

InSb nanowire segments in our device from a trivial
superconductor phase to a nontrivial topological super-
conductor phase. This is done by applying an external magnetic
field B perpendicularly to the nanowire (and also to the
substrate). The magnetic field introduces a Zeeman energy Ez =
1/2|g*|μBB̃, where μB = eℏ/2me is the Bohr magneton, g* is the
effective g-factor, and B̃ is the magnetic field actually applied on
the Nb-contacted InSb nanowire segments. The phase
transition from the trivial superconductor phase to the
nontrivial topological superconductor phase in the Nb-
contacted InSb nanowire segments occurs at Ez = (ΔInSb

2 +
μ2)1/2, where μ is the chemical potential.14 It is difficult to
accurately determine the strength of the externally applied
magnetic field BT at which the phase transition in the InSb
nanowire occurs. However, using the Nb thin film value of λL ∼
130 nm for the magnetic field penetration depth (see
Supporting Information), and the g-factor of |g*| ∼ 30−70
and the superconductor energy gap of ΔInSb ∼ 0.25 meV for the
InSb nanowire, we can estimate that the lower limit value of BT
is in the range 0.25−0.58 T.
When there is no coupling between the two Nb-covered

InSb nanowire segments in the device, each of the two
nanowire segments in a topological superconductor phase
should support a pair of Majorana fermions located at the two
ends of the segment.21 When the two topological super-
conducting InSb nanowire segments are coherently connected
via a quasi-particle quantum object, e.g., quantum dot, the
interaction between a pair of nearby zero-energy Majorana
fermions leads to the creation of a pair of normal fermion states
at finite energies. The entire nanowire will then behave as a

topological superconductor, supporting the pair of the
remaining zero-energy Majorana fermions (see Supporting
Information for the results of our modeling and simulation),
which are located at the two ends of the entire nanowire and
are therefore strongly coupled to the Nb contacts. Cooper pairs
can move between the two Nb contacts via the Majorana
fermion states, leading to an enhancement in the zero-bias
conductance. We will show below that such an enhancement in
zero-bias conductance could be observed in our Nb−InSb
nanowire−Nb quantum device in the quasi-particle Coulomb
blockade regime.
We first present our magnetic field dependent measurements

of the differential conductance for the device at Vbg = −11.1 V
for which the device is in a quasi-particle Coulomb blockade
region. Figure 2a shows the results of the measurements. Here,
a low conductance gap can be clearly identified in the small

Figure 2. Signature of the zero-bias anomaly in the Nb−InSb
nanowire−Nb hybrid quantum device. (a) Differential conductance on
a color scale as a function of source-drain bias voltage Vsd and magnetic
field B applied perpendicularly to the substrate and to the InSb
nanowire measured for the device shown in figure 1b at Vbg = −11.1 V
(corresponding to the white dashed line in figure 1c) and T = 25 mK.
A pronounced zero bias conductance peak is seen to emerge when the
magnetic field exceeds ∼1 T. (b) Same measurements as in part a, but
with a high magnetic field resolution. Here, the zero-bias conductance
peaks are more clearly seen and appear in both the positive and the
negative magnetic field direction. (c) Same measurements as in part b,
but the differential conductance traces measured in the region marked
by the dashed square in part b are shown. Here, the measured curves
are successively offset by 0.05 e2/h for clarity. In this figure, in addition
to the zero-bias conductance peak, two side differential conductance
peaks are seen to appear at finite Vsd. (d) Differential conductance as a
function of B at Vsd = 0 V (black curve) corresponding to a line plot
along Vsd = 0 V in part c. Here, it is seen that the zero-bias
conductance shows a plateau structure. The slope in the plateau could
be due to a change in the background conductance with increasing B
in the region, as indicated by the differential conductance measure-
ments at Vsd = 1 mV (red curve).
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Superconductor-nanowire devices from tunneling to the multichannel regime: Zero-bias oscillations
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We present transport measurements in superconductor-nanowire devices with a gated constriction forming a
quantum point contact. Zero-bias features in tunneling spectroscopy appear at finite magnetic fields and oscillate
in amplitude and split away from zero bias as a function of magnetic field and gate voltage. A crossover in
magnetoconductance is observed: Magnetic fields above ∼0.5 T enhance conductance in the low-conductance
(tunneling) regime but suppress conductance in the high-conductance (multichannel) regime. We consider these
results in the context of Majorana zero modes as well as alternatives, including the Kondo effect and analogs of
0.7 structure in a disordered nanowire.
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Physical systems with Majorana quasiparticles, zero-
energy modes with non-Abelian exchange statistics, represent
a topological phase of matter that could form the basis of
topologically protected quantum computation.1–3 Pursuit of
such systems has been advanced by a range of proposals,
including ν = 5/2 fractional quantum Hall states,4 p-wave
superconductors,5 cold-atom systems,6,7 and hybrid systems
of s-wave superconductors with either topological insulators8

or semiconductors.9–11 An attractive implementation calls for
coupling an s-wave superconductor to a one-dimensional
semiconductor nanowire with strong spin-orbit coupling. In
a magnetic field, tuning the chemical potential of the nanowire
so that the induced superconducting gap lies well within the
Zeeman splitting permits effective p-wave superconductivity
supporting Majorana end-state zero modes.12,13

Expected signatures of a topological phase in the nanowire
system include a zero-bias conductance peak14–16 and frac-
tional Josephson effect,9 both of which have been reported as
evidence of Majorana fermions.17–20 The peak is predicted
to oscillate about zero energy as a function of magnetic
field and chemical potential.21–23 Features suggesting this
effect have been reported in Ref. 24 and considered both
in the context of Majorana zero modes and the Kondo
effect. Given the interest in realizing topological states of
matter and non-Abelian quasiparticle statistics, it is imperative
to broaden the range of experimental observations and to
consider interpretations in the context of Majorana modes
as well as alternatives such as the Kondo effect,25–27 0.7
structure,28–31 weak antilocalization,32 and disorder-induced
level crossings.33,34

Here, we report transport measurements in superconductor-
nanowire devices configured as a quantum point contact (QPC)
over a broad range of magnetic fields and conductances from
the tunneling regime to the multichannel regime. We deliber-
ately tuned the device to a regime without evidence of dotlike
charging features or even-odd structure (see Supplemental
Material35). We observed zero-bias features in tunneling
spectroscopy above ∼0.5 T that oscillated in amplitude and

bias position as a function of magnetic field and gate voltage.
We also observed that the zero-bias conductance of the QPC
was enhanced by a magnetic field near pinch-off and sup-
pressed at higher transmission, in qualitative agreement with
the trends described in Ref. 36 for the trivial-to-topological
crossover. These results are consistent with some but not all
predictions for Majorana zero modes and do not yet rule out
alternative explanations such as Kondo-enhanced conductance
in confined structures or zero-bias peaks in single-barrier
structures analogous to 0.7 structure in QPCs.

InSb nanowires with a diameter of 100 nm26,37 were con-
tacted by a superconducting lead (1/150 nm Ti/Nb0.7Ti0.3N)
and one or two normal leads covering the wire ends (5/125 nm
Ti/Au). Data from two devices are reported. Device 1 had
normal leads on both ends, and device 2 had one normal lead,
as in Fig. 1(a). The width of the superconducting lead was
300 nm for device 1 and 250 nm for device 2, and the length of
the nanowire between the superconducting and normal leads
was 150 nm for device 1 and 100 nm for device 2. The coupling
to the normal leads was tuned by local control of the electron
density in the nanowire using bottom gates that were insulated
by 30 nm of HfO2.38 Some gates were under the region of the
nanowire covered by the superconductor, and some gates were
under the uncovered region. The samples were measured in a
dilution refrigerator using standard lock-in techniques.

Control of the coupling between the superconducting and
normal sections of the device is demonstrated in Fig. 1(b) by
a measurement of the zero-bias differential conductance g as
a function of bottom-gate voltage Vg for device 1. With the
voltages on the other bottom gates set to 3 V, g varied from
7e2/h at Vg = 5 V to zero for Vg < 0 V.39 A plateau-like
shoulder at g ∼ 2e2/h is evident at B = 0 around Vg = 2.5 V.
This value of conductance is a factor of 2 smaller than expected
for the conductance of the first plateau for a QPC in perfect
contact with a superconductor.36 In a magnetic field By= 0.5 T
along the wire axis, g increased in two regions of gate voltage
[dashed vertical lines in Fig. 1(b)] and decreased at larger
conductances, Vg > 3.5 V.

241401-11098-0121/2013/87(24)/241401(6) ©2013 American Physical Society
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Figure 1. Sample description and conductance spectroscopy. (a)
SEM image of InAs/InSb heterostructure nanowires grown on an
InAs(111)B substrate using aerosol gold particles with a diameter
of 40 nm as initial seeds. The image is recorded with a 30° tilt of
the substrate from the horizontal position and the scale bar is
uncompensated for the tilt. In the heterostructure nanowires, the
base segments with a small diameter are InAs, crystallizing in the
wurtzite phase, and the upper segments with a large diameter are
InSb, crystallizing in the zinc blende phase. Note that the InSb
segments do not show any tapering at the sidewalls. (b) TEM image
of a top part of an InSb nanowire, after detachment from the growth
substrate, with the single crystalline AuIn2 seed particle on top and
the pure zinc blende InSb nanowire segment below. This InSb
nanowire segment has a diameter of 79 nm. (c) SEM-picture of an
InSb quantum dot device. The device is made by electrically
contacting the InSb segment of an InAs/InSb heterostructure
nanowire on a SiO2 capped, highly doped Si substrate using electron
beam lithography. (d) Differential conductance on a color scale as
a function of the source-drain voltage Vsd and the back-gate voltage
applied to the Si substrate Vbg (charge stability diagram), measured
for an InSb nanowire quantum dot device with a nanowire diameter
of 70 nm and a contact spacing of 70 nm. The conventional spin-
1/2 Kondo effect (a Kondo enhanced conductance ridge) at zero
bias is observed in the N ) 9 Coulomb blockade diamond region.
(e) Addition energy versus electron number in the InSb nanowire
quantum dot measured in (d) (addition energy spectrum), revealing
a typical shell structure of a few-electron quantum dot system.

Figure 2. Evolutions of the ground states and quantum level
dependent g factors in an InSb quantum dot. (a) Gray scale plot of
the linear conductance G as a function of the back gate voltage Vg
and magnetic field B measured for the quantum dot device as in
Figure 1d. Spin filling configurations are indicated with arrows
under the assumption of negative values of the g factors. The charge
state in a Coulomb blockade region is marked with an integer N.
(b) Evolution of the addition energy for different electron charge
configuration on the dot. (c) Differential conductance as a function
of Vsd and B measured for the quantum dot at the back gate voltage
Vbg ) 0.025 V, i.e., along cut A in Figure 1d. The differential
conductance peaks are labeled with v and V according to spin filling
under the assumption of a negative g factor. (d) Differential
conductance as a function of Vsd and B measured for the quantum
dot at the back gate voltage Vbg ) 0.205 V, i.e., along cut B in
Figure 1d. (e) Electron g factor versus quantum level index n for
the dot, determined from several magnetic field dependent measure-
ments. The values represented by a dark blue diamond are
determined from the addition energy evolution measurements shown
in (b). The values represented by green up triangles and red down
triangles are determined from the differential conductance peak
splitting measurements shown in (c) and (d), respectively. The value
represented by a black dot is determined from the spin-1/2 Kondo
peak splitting, measured at magnetic field B ) 0.3 T, shown in
parts b and c of Figure 3. Finally, the values represented by light
blue squares are determined from a charge stability diagram of
the quantum dot measured at magnetic field B ) 1 T. Note that the
values enclosed in the dashed circle in (e) are slightly offset in the
quantum level index n for clarity.
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Zero-Bias Anomaly in a Nanowire Quantum Dot Coupled to Superconductors
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We studied the low-energy states of spin-1=2 quantum dots defined in InAs=InP nanowires and coupled

to aluminum superconducting leads. By varying the superconducting gap ! with a magnetic field B we

investigated the transition from strong coupling ! ! TK to weak-coupling ! " TK , where TK is the

Kondo temperature. Below the critical field, we observe a persisting zero-bias Kondo resonance that

vanishes only for low B or higher temperatures, leaving the room to more robust subgap structures at bias

voltages between ! and 2!. For strong and approximately symmetric tunnel couplings, a Josephson

supercurrent is observed in addition to the Kondo peak. We ascribe the coexistence of a Kondo resonance

and a superconducting gap to a significant density of intragap quasiparticle states, and the finite-bias

subgap structures to tunneling through Shiba states. Our results, supported by numerical calculations, own

relevance also in relation to tunnel-spectroscopy experiments aiming at the observation of Majorana

fermions in hybrid nanostructures.

DOI: 10.1103/PhysRevLett.109.186802 PACS numbers: 73.21.La, 72.15.Qm, 73.63.Kv, 74.45.+c

Hybrid devices which couple superconducting (S)
electrical leads to low-dimensional semiconductors have
received great attention due to their fascinating underlying
physics [1]. Further interest in this field has been generated
by recent theoretical predictions on the existence of
Majorana fermions at the edges of one-dimensional semi-
conductor nanowires (NWs) with strong spin-orbit interac-
tion connected to S electrodes [2]. Zero-bias conductance
peaks meeting some of the expected characteristic signa-
tures of Majorana physics were recently reported in hybrid
devices based on InSb [3,4] and InAs NWs [5]. In the past
years, quantum dots (QDs) coupled to superconducting
leads have been widely explored as tunable Josephson
junctions [6,7], or as building blocks of Cooper-pair split-
ters [8–10]. Hybrid superconductor-QD devices also con-
stitute versatile platforms for studying fundamental issues,
such as the physics of the Andreev bound states (ABS)
[11–13] or the interplay between the Kondo effect and the
superconducting proximity effect [14–16,16–24].

The Kondo effect usually stems from the antiferromag-
netic coupling of a localized electron spin and a Fermi sea
of conduction electrons. Below a characteristic tempera-
ture TK, the so-called Kondo temperature, a many-body
spin-singlet state is formed, leading to the partial or
complete screening of the local magnetic moment. This
phenomenon, discovered in metals containing diluted mag-
netic impurities, is now routinely found in individual QDs
with a spin-degenerate ground state, e.g., QDs hosting an
odd number of electrons. The Kondo effect manifests itself
as a zero-bias conductance peak whose width is propor-
tional to TK. In S-QD-S devices, the quasiparticle density
of states (DOS) around the Fermi level (EF) of the leads

vanishes due to the opening of the superconducting
gap (!). This lack of quasiparticles precludes Kondo
screening.
The competition between the Kondo effect and super-

conductivity is governed by the corresponding energy
scales, kBTK and !. While no Kondo screening occurs
for kBTK ! ! (weak coupling), a Kondo singlet is ex-
pected to form for kBTK " ! (strong coupling) at the
expense of the breaking of Cooper pairs at the Fermi level
[18,25]. A quantum phase transition is predicted to take
place at kBTK # ! [15–17]. Experimental signatures of
this exotic crossover have been investigated both in the
Josephson supercurrent regime [21–23] and in the dissipa-
tive subgap transport regime [18–20]. Yet a full under-
standing of these experimental findings is still lacking. In
this Letter, we report an experimental study on S-QD-S
devices where the relative strength between Kondo and
superconducting pairing correlations is tuned by means of
a magnetic field B acting on !. The transition from strong
to weak coupling is continuously achieved by sweeping B
from above the critical field Bc, where! ¼ 0, to zero field,
where ! attains its maximum value !0 exceeding kBTK.
The S-QD-S devices were fabricated from individual

InAs=InP core/shell NWs grown by thermal evapora-
tion (total diameter #30 nm). The InP shell (thickness
# 2 nm) acts as a confinement barrier resulting in an
enhanced mobility of the one-dimensional electron gas in
the InAs core [26]. After growth, the NWs were deposited
onto a degenerately doped, p-type Si substrate (used as a
back gate), covered by a 300-nm-thick thermal oxide.
Device fabrication was accomplished by e-beam lithogra-
phy, Arþ bombardment (to remove native oxides), metal
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evaporation, and lift-off. Source and drain contacts con-
sisted of Ti ð2:5 nmÞ=Al (45 nm) bilayers with a lateral
separation of approximately 200 nm, and a superconduct-
ing critical temperature of#1 K. Transport measurements
were performed in a He3-He4 dilution refrigerator with a
base temperature of 15 mK.

At low temperature, electron transport is dominated by
Coulomb blockade with the NW channel behaving as a
single QD. Charge stability measurements (i.e., differential
conductance dI=dV as a function of source-drain bias Vsd

and back-gate voltage VG) were performed to identify
Kondo resonances in Coulomb diamonds with a spin-1=2
ground state. These measurements were taken at 15 mK
with the leads in the normal state (superconductivity was
suppressed by means of a magnetic field B? ¼ 70 mT
perpendicular to the substrate and exceeding the perpen-
dicular critical field B?

c ). In each Kondo diamond, TK was
measured from the half width at half maximum of the zero-
bias dI=dV peak, while the tunnel coupling asymmetry
was extracted from the peak height, i.e., the linear
conductance G, according to the relation: G=G0 ¼
4!L!R=ð!L þ !LÞ2, where G0 ¼ 2e2=h and !LðRÞ is the
tunnel coupling to the left (right) lead. Here we present
data corresponding to three Kondo diamonds labeled as !,
", and #, where TK;! # 0:56 K, ð!L=!RÞ! # 6:6& 10'3,
TK;" # 1 K, ð!L=!RÞ" # 0:44, and TK;# # 0:71 K,
ð!L=!RÞ# # 7:6& 10'3.

Figure 1(a) shows a dI=dVðB?; VsdÞ measurement
taken at the center of Kondo diamond !. The zero-bias
Kondo peak is apparent above B?

c # 23 mT (we note
that at such low fields the Zeeman splitting is much
smaller than kBTK;!, explaining the absence of a split
Kondo peak). Surprisingly, reducing the field below
B?
c does not lead to an abrupt suppression of the

Kondo peak. Instead, the peak becomes progressively
narrower and smaller, vanishing completely only below
B? # 9 mT.

We argue that the observed zero-bias peak is a mani-
festation of Kondo screening due to intragap quasiparticle
states. To support this interpretation, we show in Fig. 1(b)
a data set taken in an adjacent diamond with even occu-
pation (i.e., with no Kondo effect). The dI=dVðVsdÞ traces
shown correspond to different in-plane fields, Bk, ranging

from zero to just above the in-plane critical field Bk
c #

200 mT. When lowering the fields from above to below

Bk
c, the subgap dI=dV does not drop abruptly, supporting

our hypothesis of a sizable quasiparticle DOS at EF [we
note that, although the measurement of Fig. 1(b) refers to
in-plane fields, a qualitatively similar behavior can be
expected for perpendicular fields, see Supplemental
Material [27] ]. The development of a ‘‘soft’’ gap just

below Bk
c is additionally marked by the absence of

dI=dV peaks characteristic of the BCS DOS singularities
(a discussion of the origin of the soft gap is included in
the Supplemental Material [27]). Such peaks develop only

at fields well below Bk
c, becoming most pronounced

at B ¼ 0. In this low-field limit, the subgap conductance
simultaneously vanishes and first-order multiple-Andreev-
reflection resonances emerge at eVsd # (".
To reproduce the observed subgap features and the coex-

istence of a Kondo peak and a superconducting gap, we
calculated the dI=dV of a QD modeled by an Anderson
Hamiltonian including coupling to BCS-type supercon-
ducting reservoirs. We used the so-called noncrossing ap-
proximation, a fully nonperturbative theory that includes
both thermal and quantumfluctuations, complementedwith
the Keldysh-Green’s function method to take into account
nonequilibrium effects at finite Vsd (see Supplemental
Material [27]). In order to fit the experimental data, the
DOS of the leads was modeled by a Dynes function:

FIG. 1 (color online). (a) Left panel: Color plot of dI=dV vs
(B?, VSD) measured at the center of diamond !. The dashed
lines highlight the emergence of finite-bias peaks related to the
opening of a superconducting gap. The superimposed line trace
shows the B? dependence of the linear conductance. Right
panel: dI=dVðVSDÞ traces taken at different B? values. The inset
shows a scanning electron micrograph of a typical device (scale
bar: 200 nm). (b) dI=dVðVSDÞ traces measured in an even
diamond revealing the Dynes-like DOS of leads. (c) Numerical
calculations. The smaller solid dots denote the position of the "
and 2" peaks, whereas the open dots highlight the position of the
Shiba bound state peaks. (d) Linear conductance (G0) normal-
ized to the normal-state value (GN

0 ) and plotted as a function of
"=kBTK for diamonds ! (red dots) and " (black squares).
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The coupling of a quantum dot with a BCS-type superconducting reservoir results in an intriguing

system where low energy physics is governed by the interplay of two distinct phases, singlet and doublet.

In this Letter we show that the spectrum of Andreev energy levels, which capture the properties of the two

phases, can be detected in transport measurements with a quantum dot strongly coupled to a super-

conducting lead and weakly coupled to a normal metal lead. We observe phase transitions between BCS

singlet and degenerate magnetic doublet states when the quantum dot chemical potential is tuned with an

electrostatic gate, in good qualitative agreement with numerical renormalization group calculations.

DOI: 10.1103/PhysRevLett.104.076805 PACS numbers: 73.63.Kv, 73.23.Hk, 74.45.+c, 74.50.+r

Electron tunneling into a BCS-type superconductor oc-
curs through Andreev reflection in which an incident elec-
tron is converted to a Cooper pair with reflection of a hole.
Andreev reflections are central to the proximity effect, in
which superconducting order can ‘‘leak’’ into a contacting
metal or semiconductor. When a quantum dot (QD) is
coupled to a superconductor the Andreev reflection re-
quires that electron pairs occupy the QD and the proximity
effect is therefore sensitive to correlation effects such as
Coulomb interaction [1] and the many-body Kondo effect
[2–5]. While there have been a wide range of experimental
studies on the superconductor-QD-superconductor
(S-QD-S) system [6–15], the hybrid normal-QD-S
(N-QD-S) system is relatively experimentally unexplored
[16]. In the weak coupling limit it has been shown that a
QD Josephson junction with strong electron-electron inter-
action exhibits positive and negative Josephson supercur-
rent [7,9,10], that is a 0 or ! junction, for even and odd
electron occupation. The nondissipative supercurrent in
QD Josephson junctions [17] is mainly carried by
Andreev localized states, often called Andreev bound
states. Underlying the dramatic change in transport prop-
erties at the 0-! junction transition is a phase transition
between two distinct ground states (GSs) [2,18–21]. The 0
junction has a BCS-like nonmagnetic singlet GS. In the
case of a ! junction the GS is a degenerate (so-called
magnetic) doublet state which describes free magnetic
moments. Recently Andreev bound states were proposed
as a novel Andreev level qubit system [22], fueling interest
in direct study [23]. S-QD-S devices are unsuitable for
such study as low bias dissipative transport is governed
by high order multiple Andreev reflections [24] between
the two supercondutor-QD interfaces resulting in a com-

plex spectrum of resonances from which the local energy
spectrum is difficult to extract and only indirectly observed
in the nondissipative supercurrent. The N-QD-S devices
considered in this Letter allow a more direct study of
Andreev energy levels through Andreev tunneling spec-
troscopy [25] using a weakly coupled N lead.
The transport characteristics of a conventionalN-S junc-

tion are well described by the BTKmodel [26] in which the
junction is characterized by a single tunneling rate through
the barrier. For a typicalN-S junction the tunnel rate is low,
Andreev conductance is suppressed, and the transport re-
flects the density of states of the S lead. For a N-QD-S
system [Fig. 1(c)] both the normal lead !N=@ and super-
conducting lead !S=@ tunnel rates must be considered for a
complete description of the transport. The energy depen-
dent transmission of the QD junction can result in pro-
nounced subgap structure [27], which is sensitive to the
QD energy level "d and reflects the superconducting order
induced upon the QD through the proximity effect [5,19].
At low temperatures, below a characteristic Kondo tem-
perature (TK), interplay between Kondo correlations and
BCS superconductivity becomes important [6,15,18,21]. In
this Letter we focus on devices with large tunnel coupling
asymmetry favoring the S lead in which the Kondo effect is
suppressed by strong proximity effect.
Devices are fabricated using uncapped self-assembled

InAs QDs, with typical diameters of !100 nm, contacted
with a nanogap electrode technique [28]. A degenerately
Si-doped GaAs layer 300 nm below the surface is used as a
backgate. Additional fabrication details may be found in
Ref. [15]. Nanogap electrodes were fabricated using a two
step e-beam lithography and e-beam evaporation proce-
dure to deposit one Ti=Al (5 nm=150 nm) S lead and one
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Ti=Au (10 nm=50 nm) N lead. All measurements were
performed in a He3-He4 dilution refrigerator with base
temperature of T ! 30 mK using conventional lock-in
measurement techniques (Vac ! 3 !V). We measure two
devices labeled " and #. After measurement of device #
the dilution refrigerator temperature was cycled, after
which the device characteristics were changed. Data for
device # following the thermal cycle we label as device $
for easy reference. We label the odd occupation regions in
each device with roman numerals. Note however that the
numerals are arbitrary and do not reflect the electron
number which we estimate to be a few tens. Tuning the
electron occupation of the QD using the backgate also
alters the parameters, !S;N, energy level spacing "", and

charging energy U, allowing study of different regimes of
behavior in a single device [28]. Devices are characterized
in theN state by applying an in plane magnetic field greater
than the Al lead critical field (Bc ! 200 mT) [Fig. 1(a)].
The even or odd electron occupation is confirmed through
the evolution of Coulomb peaks in a high magnetic field
(B " Bc). Device parameters vary in the range ""!
2–8 meV and U! 1–5 meV.
Low bias differential conductance (G ¼ dI=dVsd) in the

S state for region "-I [Fig. 1(a)] is strongly suppressed. In
even occupation regions we observe resonant peaks at
jeVsdj! 152 !eV which we attribute to single quasipar-
ticle tunneling where the chemical potential of the N lead
and the edge of the superconducting energy gap are
aligned; i.e., jeVsdj ¼ ". From these features we estimate
the superconducting transition temperature, " ¼
1:76kBTc ! 152 !eV, as Tc ! 1 K. In this regime the
transport is well described by a low transparency tunnel
junction in the conventional BTK theory [26]. We estimate
the conditions for resonance between the discrete QD
levels and the lead chemical potentials, !N;S ! "d and
!N;S ! "d þU, by fitting transport resonance peaks for
jeVsdj> " [29] [see dashed lines in Figs. 1(a) and 1(b)].
The relative tunnel coupling asymmetry of devices is de-
termined through consideration of the N state stability
diagram [29]. For region "-I, Fig. 1(a), we determine
that !N > !S in contrast to regions in device # and $
where !S > !N . In Fig. 1(d) we plot GðVsdÞ at the center
of each nodd region for comparison. We observe that for
!S > !N single quasiparticle tunneling features are sup-
pressed relative to the subgap features in good agreement
with predictions for the noninteracting N-QD-S system
[27,29]. We attribute the subgap transport peaks observed
when !S > !N to resonant Andreev transport through
Andreev energy levels, formed through electron-hole mix-
ing of the QD energy level. For regions with highU such as
$-I (U! 4:2 meV) we observe a crossing of the subgap
transport resonances at Vsd ¼ 0 in the nodd region near the
zero-bias resonance points. For region #-II where U!
3:4 meV the subgap resonance crossing point occurs at the
center of the nodd region. Finally, for region #-III with
small U! 1:4 meV the subgap resonances never cross.
For comparison with experimental results the local en-

ergy spectrum has been calculated for the Anderson impu-
rity coupled to a superconducting reservoir using the
numerical renormalization group (NRG) method detailed
in Ref. [19]. The system has two possible ground states, a
doublet and a BCS-like singlet (which is a superposition of
doubly occupied and empty states). Calculations of the
single particle spectral function at the QD reveal a pair
of sharp peaks or Andreev energy levels which indicate the
excitation between the GS and excited state through addi-
tion of an electron (Eb > 0) or hole (Eb < 0) at an energy
Eb relative to the Fermi energy. Note that both Andreev
energy levels correspond to the same excited state. When

FIG. 1 (color online). (a) False color plot of N state (B ¼
220 mT) and S state (B ¼ 0 mT) differential conductance (G ¼
dI=dVsd) for region "-I (!N=!S ! 12) with odd electron number
nodd. The color scale is in units of e2=h. Dashed lines mark the
Coulomb diamond from which the charging energy U! 2 meV
is estimated. (b) False color plots of GðVsd; VGÞ for three nodd
regions all with high asymmetry !S=!N > 40. Vsd scales are
identical to that in (a) in the S state. Charging energies are U!
4:2 meV, U! 3:4 meV, and U! 1:4 meV for $-I, #-II, and
#-III, respectively. The intercept of dashed lines with Vsd ¼ 0
indicates the zero-bias resonance conditions. (c) Schematic of
the N-QD-S system. Andreev reflections mix electron-hole states
on the QD and generate two broadened Andreev energy levels in
the local energy spectrum pictured at þEb and'Eb. (d) Plots of
GðeVsd="Þ for the center of nodd regions alongside an example
of the transport in the even occupation Coulomb blockade (CB)
regime.
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Tunneling Spectroscopy of Quasiparticle Bound States in a Spinful Josephson Junction
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The spectrum of a segment of InAs nanowire, confined between two superconducting leads, was

measured as function of gate voltage and superconducting phase difference using a third normal-metal

tunnel probe. Subgap resonances for odd electron occupancy—interpreted as bound states involving a

confined electron and a quasiparticle from the superconducting leads, reminiscent of Yu-Shiba-Rusinov

states—evolve into Kondo-related resonances at higher magnetic fields. An additional zero-bias peak of

unknown origin is observed to coexist with the quasiparticle bound states.
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Spin impurities in superconductors can drastically mod-
ify the state of its host, for instance, by suppressing the
transition temperature and by inducing subgap states [1].
Using a hybrid superconductor-semiconductor device, one
can investigate this process with precise experimental
control at the level of a single impurity [2]. Exchange
interaction between the single quantum spin impurity and
quasiparticles modifies the order parameter locally, thereby
creating Yu-Shiba-Rusinov subgap states [3–7]. For weak
exchange interaction, a subgap state near the gap edge
emerges from singlet correlations between the impurity
and the quasiparticles. Increasing exchange interaction
lowers the energy of the singlet state and increases a key
physical parameter, the normal state Kondo temperature
TK. At kBTK ! ! (Kondo regime), where ! is the super-
conducting gap, the energy gain from the singlet formation
can exceed !, resulting in a level-crossing quantum phase
transition (QPT) [1,8–10]. The QPT changes the spin and
the fermion parity of the superconductor-impurity ground
state and is marked by a peak in tunneling conductance at
zero bias [11].

A mesoscopic superconductor-quantum dot-
superconductor Josephson junction [Figs. 1(a) and 1(b)] is
an ideal device to study Yu-Shiba-Rusinov states because it
provides a novel control knob that tunes the exchange
interaction via the superconducting phase difference across
the junction!. A physical picture of the phase tunability of
exchange interaction is the following: A spin 1=2 impurity
is created by trapping a single electron in the lowest avail-
able orbital of the dot (assuming large level spacing) with a
Coulomb barrier [Fig. 1(c)] [12,13]. At the electron-hole
(e-h) symmetry point, the spinful state, j1; 0i, costs less than
both the empty, j0; 0i, and the doubly occupied, j2; 0i, states
by the charging energy U (U > ! suppresses charge fluc-
tuations at energies below!). Here, jndot; nleadi denotes the
electron (quasiparticle) occupancies of the dot (leads), with
arrows giving spin orientations when needed. Spin-flip
scattering connects the degenerate states j "; #i and j #; "i

via the virtual population of states j2; 0i [Fig. 1(d)] or
j0; 0i [Fig. 1(e)]. These two scattering channels cause an
effective (super)exchange interaction between quasi-
particles and the spinful dot. Compared to scattering via
j2; 0i, scattering via j0; 0i differs by a phase factor
expð#i!Þ because it is accompanied by a Cooper pair
transfer [Fig. 1(e)]. At! ¼ " these two scattering channels
interfere destructively, making the exchange coupling
minimal at ! ¼ " and maximal at ! ¼ 0. Consequently,
both the singlet excited state jSi and the doublet ground state
jDi acquire a phase modulation, albeit only in higher order
processes for the latter [14–21].
The ground state of spinful Josephson junctions have

been investigated by previous experiments [22–27]. Phase-
biased junctions with weak coupling showed negative
supercurrent [22,23], consistent with theoretical predic-
tions of the weak phase modulation of jDi [14–16], while
for strong coupling, positive supercurrent was observed
[24,25]. The latter was interpreted in terms of a QPT
associated with the interchange of states jSi and jDi at
kBTK ! ! [25–27]. Meanwhile, other experiments have
performed tunneling spectroscopy on spinful Josephson
junctions without phase control [28–31] or with phase
control but away from the Kondo regime [32]. This leaves
the effect of phase on subgap states in the Kondo regime
unaddressed. Tunneling spectroscopy in similar devices
has also been used recently to examine signatures of
Majorana end states [33–35].
In this Letter, we demonstrate both phase and gate

control of subgap states in a Kondo-correlated Josephson
junction (kBTK ! !) [2]. We also report the first evidence
of a singlet to doublet QPT induced by the superconducting
phase difference. Our InAs nanowire Josephson junction
has an additional normal metal tunnel probe which allows
a measurement of the density of states via tunneling in
the region between the superconducting contacts (Al).
By using normal metal, we avoid the complication of
deconvolving the density of states of the probe from the
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Low-Temperature Fate of the 0.7 Structure in a Point Contact:
A Kondo-like Correlated State in an Open System
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Besides the usual conductance plateaus at multiples of 2e2!h, quantum point contacts typically show
an extra plateau at "0.7#2e2!h$, believed to arise from electron-electron interactions that prohibit the
two spin channels from being simultaneously occupied. We present evidence that the disappearance of
the 0.7 structure at very low temperature signals the formation of a Kondo-like correlated spin state.
Evidence includes a zero-bias conductance peak that splits in a parallel field, scaling of conductance to
a modified Kondo form, and consistency between peak width and the Kondo temperature.
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The quantization of conductance in units of 2e2!h of
a quantum point contact (QPC), a narrow constriction
formed in a clean two-dimensional electron gas, has be-
come a paradigm of mesoscopic physics [1,2]. This quan-
tization indicates full transmission of the one-dimensional
(1D) modes of the constriction, with the factor of 2 re-
flecting the spin degeneracy of the modes. Further support
for this simple picture is the appearance of plateaus at odd
multiples of e2!h in a large magnetic field —evidence of
Zeeman splitting of the 1D modes [2,3]. Recently, the ex-
istence of an additional plateau around 0.7#2e2!h$, which
becomes more prominent as the temperature is increased,
has been investigated by many groups [4–9]. This feature,
termed “0.7 structure,” appears to evolve continuously out
of the lowest spin-resolved plateau at e2!h as in-plane
magnetic field, B, is lowered to zero [4]. We emphasize
that 0.7 structure is observed more often than not, and is
evident even in the earliest experiments on QPCs [1,3,10].

The first systematic investigation of the 0.7 structure
in a QPC proposed that this feature arises from a spon-
taneous spin polarization, presumably due to electron-
electron interactions [4]. Since then, several other
experiments on QPCs [5–8] and clean quantum wires
[8,9] have provided further evidence connecting the 0.7
structure at zero field with known spin-polarization effects
at higher fields. Several theoretical models have found
a breaking of spin degeneracy in QPCs at low electron
density [11], though no microscopic model has yet shown
the 0.7 structure emerging directly from electron-electron
interactions.

The fact that the 0.7 structure becomes stronger at higher
temperature suggests that it is not a ground-state property,
but rather a crossover from perfect conductance at low tem-
perature to a reduced conductance at higher temperature.
In systems with a spin degree of freedom, this crossover

is the hallmark of the Kondo effect —the screening of
a localized spin by the formation of singlet correlations
with the Fermi sea at low temperature. The appearance of
Kondo-like effects in a QPC suggests a lifted degeneracy
in the QPC, presumably resulting from Coulomb energy,
that gives rise to a dynamic unpaired spin [12], rather than
a static magnetic moment.

In this Letter, we present experimental evidence that at
low temperature the unpaired spin associated with the 0.7
structure forms a Kondo-like many-body state. We find
a number of similarities between the present system and
the Kondo effect seen in quantum dots [13–17], includ-
ing (i) a narrow conductance peak at zero source-drain
bias that forms at low temperature, (ii) collapse of conduc-
tance data onto a single function — an empirical Kondo-
like form—over a range of gate voltages using a single
scaling parameter (which we designate the Kondo tempera-
ture), (iii) correspondence between the Kondo scaling fac-
tor and the width of the zero-bias peak, and (iv) splitting of
the zero-bias peak in a magnetic field. An important dif-
ference between the Kondo effect in quantum dots and the
present situation is that the QPC has no obvious localized
state. The possibility of a Kondo state in a QPC has been
proposed [18], but to our knowledge no concrete theory of
such an effect has yet been formulated.

Measurements were made on five QPCs of differ-
ent lengths and widths fabricated on a delta-doped
GaAs!AlGaAs heterostructure with a two-dimensional
electron gas (2DEG) 100 nm below the surface. Data are
from the device pictured in Fig. 1(c), though all devices
displayed qualitatively similar behavior. Measurements
were carried out in a dilution fridge with an estimated
base electron temperature of "80 mK. The differential
conductance, g ! dI!dV , was measured as a function of
gate voltage, Vg, temperature, T , in-plane magnetic field,
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FIG. 2 (color). (a) Temperature dependence of the zero-bias
anomaly (ZBA) for different gate voltages, at temperatures from
80 to 670 mK. (b) Linear g as a function of scaled temperature
T!TK where TK is the single fit parameter in Eqs. (1), (2).
Symbols correspond to gate voltages shown in inset. Inset:
Linear conductance as a function of unscaled temperature, T ,
at several Vg. (c) TK (right axis) obtained from the fits of
g"T!TK , Vg# to Eqs. (1), (2), along with the conductance (left
axis) at temperatures of 80 mK (solid line), 210 mK (dotted),
560 mK (dashed), and 1.6 K (dot-dashed). (d) Evolution of the
ZBA with in-plane B, at Vg corresponding to high, intermediate,
and low conductance. Splitting is clearly seen in the intermediate
conductance data (see text). Data in (d) were measured with zero
perpendicular field.

f"T!TK # $ %1 1 "21!s 2 1# "T!TK #2&2s (2)

with s ! 0.22 [15]. Equation (1) differs from the
form that has been used for quantum dots [15],
g ! "2e2!h#f"T!TK #, by the addition of a constant
e2!h term that sets the high-temperature limit to e2!h
rather than zero, and by fixing the prefactor of f"T!TK #
to 1!2. The motivation for adding a constant term of e2!h
to the usual dot form is primarily empirical: allowing a
prefactor and constant to be free parameters along with
TK consistently gave values close to these; locking both
values to 1!2 had essentially no effect on the fit values for
TK [25]. Additionally, the fact that a QPC does not show
Coulomb blockade motivates one to consider functional
forms that do not go to zero for T ¿ TK .

The one-parameter fit to the g"T# data using Eqs. (1) and
(2) yields values for TK that increase exponentially with

the gate voltage, ln"TK# $ a"Vg 2 V 0
g #, with a ! 0.18

(for TK in Kelvin and Vg in mV) obtained from a best
fit line to ln"TK# [Fig. 2(c)]. The exponential dependence
of TK on Vg is perhaps not surprising given that for quan-
tum dots [26] TK $ exp%p´0"´0 1 U#!GU& (neglecting
nonexponential prefactors) depends exponentially on ´0,
the energy of the bound spin relative to the Fermi energy
of the leads, "´0 1 U#, the energy to the next available
state, and G, the energy broadening due to coupling to the
reservoirs.

A characteristic feature of the Kondo regime "T , TK#
in quantum dots is that the ZBA peak is split by 2g!mBB
upon application of an in-plane magnetic field when
g!mBB . $TK [14,17,23]. In the QPC, we find the
ZBA peak does not split uniformly over the full range
0 , g , 2e2!h, as seen in Fig. 2(d). Near g $ 0.7
clear splitting is seen, consistent with 2g!mBB (i.e.,
splitting roughly linear in field for B , $3T , consistent
with a g factor $1.5 times the bulk value). At higher
conductances the ZBA peak does not split but merely
collapses with B [top curves in Fig. 2(d)]. This is expected
since 2g!mBB , TK in this regime. A less prominent
splitting of the ZBA at low conductance [bottom traces
in Fig. 2(d)] may result from a lower Kondo temperature,
such that T $ TK , at these gate voltages.

Another feature of the Kondo effect as it appears in
quantum dots is that the width of the ZBA is set by TK
rather than the larger level-broadening scale G [16]. In the
QPC, the width of the ZBA [Fig. 3(a), inset] is found to be
roughly constant for g , 0.7, "Vg , $490 mV#. At g $
0.7, the ZBA width first decreases significantly, by $30%,
then increases as g approaches 2e2!h. The ZBA peak
width is very close to 2kTK !e [squares in Fig. 3(a)] for
g . 0.7, where values of TK can be extracted. Relations
between the ZBA width and the values of kTK!e with a
similar prefactor of $2 is observed in quantum dots [16]
and nanotubes [17].

A related correspondence between TK and the applied
bias voltage is seen in Fig. 3(b). The color scale shows
the derivative dg!dVg, which emphasizes the transitions
between plateaus, while plateaus themselves appear
black. The 0.7 structure appears as an extra pair of
transitions, symmetric in Vsd, with a distinctive downward
curvature as they approach the “origin” at Vsd ! 0 and
Vg $ 2500 mV. Crossing these features into the central
black diamond marks the transition from the extra plateaus
at $0.8"2e2!h# [seen in Figs. 1(d)–1(f)] to the 2e2!h
plateau. These extra transitions are greatly diminished
or absent in higher subbands [5,7]. Superimposed on
the color plot in Fig. 3(b) are the Kondo temperatures
taken from Fig. 2(c), plotted at an equivalent “Kondo
bias voltage” V K

sd ! kTK!e and at the Vg where that TK
was measured. The alignment of these points with the
extra transitions suggests that an applied bias exceeding
VK

sd destroys the correlated Kondo-like state causing the
conductance to drop to the high-bias value of the extra
plateau, $0.8"2e2!h#.
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FIG. 1. (a) Linear conductance (g ! dI!dV , around Vsd " 0)
versus gate voltage, Vg , at B ! 0 for several temperatures. The
extra plateau at "0.7#2e2!h$ appears with increasing tempera-
ture while the plateaus at multiples of 2e2!h become less visible
due to thermal smearing. (b) Linear g versus Vg, for in-plane
field B from 0 to 8 T in 1 T steps, showing spin-resolved
plateaus at odd multiples of e2!h at high fields. (c) Micrograph
of the device reported. (d)–(f ) Nonlinear differential conduc-
tance g ! dI!dV as a function of dc source-drain bias voltage,
Vsd, with each trace taken at a fixed gate voltage. Plateaus
in g#Vg$ appear as accumulation of traces. (d) Nonlinear g at
80 mK, B ! 0, at Vg intervals of 1.25 mV. Plateaus at multiples
of 2e2!h around Vsd " 0 and half-plateaus at odd multiples of
e2!h at high bias [20] are visible. A zero-bias anomaly (ZBA) is
present only at low magnetic field and low temperatures. At high
bias, an extra plateau appears at g " 0.8#2e2!h$. (e) Nonlinear
g at 600 mK, B ! 0, at Vg intervals of 1.0 mV. Note absence
of a ZBA and accumulation of traces at g " 0.7#2e2!h$ around
Vsd " 0 that merges with the high-bias plateau at 0.8#2e2!h$.
(f) Nonlinear g at 80 mK, B ! 8 T, at Vg intervals of 1.2 mV.
Spin-resolved plateaus at odd multiples of e2!h around Vsd " 0
merge with high-bias plateaus at 0.8#2e2!h$, and 2.8#2e2!h$.
The high-bias feature at 0.8#2e2!h$ looks similar to that in the
B ! 0 data.

B, and dc source-drain bias, Vsd, using a small ac bias
voltage, jV j , 10 mV [19].

The linear-response conductance (i.e., g around
Vsd " 0) exhibits a characteristic evolution from spin-
degenerate plateaus at B ! 0, at integer multiples of
2e2!h, into spin-resolved plateaus at integer multiples
of e2!h in high field [Fig. 1(b)]. A remnant of the
spin-resolved plateau remains at B ! 0 and T ! 80 mK
as a barely visible shoulder below the 2e2!h plateau. As
the temperature is increased, conductance at this shoulder
decreases and a plateau near 0.7#2e2!h$ forms [Fig. 1(a)].
Note that while the 0.7 structure becomes stronger at
elevated temperatures, the plateaus at multiples of 2e2!h
become more washed out. Stated another way, as the
temperature is lowered, the plateaus at multiples of 2e2!h

sharpen up, while the plateau at 0.7#2e2!h$ rises to the
“unitary limit” of 2e2!h, and thus disappears.

Nonlinear transport data in Figs. 1(d)–1(f ) emphasize
the similarity between the spin-resolved plateaus at
B ! 8 T and the 0.7 structure at B ! 0. In this represen-
tation, plateaus in g#Vg$ appear as accumulations of traces,
seen for instance in the (well-understood) “half-plateaus”
[20,21] at higher bias #Vsd . "0.5 mV$ at g " 1!2, 3!2,
and 5!2 (in units of 2e2!h). The linear-response plateaus
appear as accumulated traces around zero bias at multiples
of 2e2!h and, in the B ! 8T data [Fig. 1(f)], also at odd
multiples of e2!h. Note the distinctive wing shape of the
spin-resolved plateaus, rising with increased bias from
"0.5 to "0.8 of the distance between the spin-degenerate
plateaus, with a transition around jVsdj " 0.2 mV. This
width is consistent with the Zeeman splitting at 8T
(g!mBB " 25 mV!T using jg!j ! 0.44).

Within the first subband #g , 2e2!h$ the nonlinear data
for B ! 0 look strikingly similar to the B ! 8T data
[compare lower region of Figs. 1(e), 1(f)], including the
wing shape of the extra plateau that extends out from the
0.7 feature. Higher subbands at B ! 0 [upper region of
Fig. 1(e)] do not show extra plateaus. Overall, comparing
Figs. 1(e) and 1(f) suggests that the zero-field plateau at
"0.7#2e2!h$, which extends to "0.8#2e2!h$ at high bias,
results from a splitting of spin bands, leading to transport
signatures in the lowest mode that greatly resemble the
situation at 8T , where spin degeneracy is explicitly lifted
in all modes by the applied field.

The nonlinear data at low temperature [Fig. 1(d)] show
an additional feature compared to the higher temperature
data [Fig. 1(e)]: a narrow peak in conductance around
Vsd ! 0 for the whole range 0 , g , 2e2!h. This zero-
bias anomaly (ZBA) forms as the temperature is lowered
[Fig. 2(a)] and is closely linked to the disappearance of the
0.7 structure at low temperature. Comparing Figs. 1(d) and
1(e), one sees that it is precisely this ZBA peak that lifts
the 0.7 plateau toward 2e2!h.

The formation of a zero-bias conductance peak, and the
associated enhancement of the linear conductance up to the
unitary limit #2e2!h$ at low temperature are reminiscent of
the Kondo effect seen in quantum dots containing an odd
number of electrons [13–17,22,23]. Guided by this simi-
larity, we consider a scaling of the temperature dependence
of the conductance using a single scaling parameter which
we designate the Kondo temperature, TK . Experimentally,
we find that this single parameter allows data from a broad
range of gate voltages [Fig. 2(b), inset] to be scaled onto
a single curve as a function of scaled temperature T!TK
[Fig. 2(b)]. Moreover, this scaled curve appears well de-
scribed by a modified expression for the Kondo conduc-
tance,

g ! 2e2!h%1!2f#T!TK $ 1 1!2& , (1)

where f#T!TK $ is a universal function for the Kondo con-
ductance [normalized to f#0$ ! 1] [24] well approximated
by
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I. INTRODUCTION

Quantum point contacts !QPCs" are short one-
dimensional !1D" constrictions, typically fabricated in clean
semiconductor two-dimensional electron gases !2DEG", that
have been drawing attention in the condensed matter com-
munity for over two decades. QPCs are an integral part of
nearly every 2DEG nanostructure, from quantum dots to
Aharanov-Bohm rings, and, in principle, they are one of the
easiest mesoscopic systems to analyze from a theoretical
point of view. On one level, QPCs seem to follow a straight-
forward single-particle description. Differential conductance
at low magnetic field is quantized as G#dI /dV=N!2e2 /h,
where N counts the spin-degenerate one-dimensional sub-
bands in the constriction.1,2 QPC conductance on the pla-
teaus is robust against the effect of interactions: a low-
temperature suppression of conductance that might be
expected due to Luttinger liquid physics3 disappears when
connected to noninteracting leads.4,5

But experiments have revealed two characteristic devia-
tions from the noninteracting picture that are observed in
most QPCs fabricated in a high mobility material. First, a
shoulderlike feature appears in the linear conductance around
0.7!2e2 /h, which is therefore referred to as “0.7
structure.”6 Second, a narrow zero-bias peak !ZBP" is ob-
served in source-drain conductance for low magnetic fields.7

It is generally believed that these conductance features arise
from electron-electron interactions. Many explanations have
been proposed, including spontaneous spin polarization,6,8,9

1D Wigner crystallization,10 electron-phonon scattering,11

and Kondo screening of a quasilocalized state.7,12–14 But
there remains no consensus on which interpretation is correct
and the subject is still widely debated.

Most previous measurements of ZBPs in point contacts
have focused on the high-conductance regime !G"1e2 /h",
where the 0.7 structure is observed. At high conductance, the
ZBP is often attributed to Kondo effect screening of an im-
purity that is formed self-consistently in the QPC.7,13 Point
contact ZBPs typically persist down to much lower
conductance15 and it is tempting to attribute the same mecha-

nism to the formation of ZBPs through the full range 0#G
#2e2 /h. As pointed out in Refs. 7 and 15, however, there are
several quantitative differences between high conductance
ZBPs and those below G$1e2 /h. For example, ZBPs in
both low- and high-conductance regimes split with in-plane
magnetic field but the magnitude of the splitting is very dif-
ferent well above and well below G$1e2 /h.15

In this paper, we report the magnetic field and temperature
dependencies of ZBPs from defect-free quantum point con-
tacts deep in the tunneling regime. Whereas Ref. 15 studied
ZBPs covering a wide range of conductances, this work fo-
cuses specifically on ZBP phenomenology below G
$0.1e2 /h. So close to pinch-off, low-conductance ZBP phe-
nomenology can be clearly distinguished from high-
conductance behaviors and provides a test for theoretical
models in a new regime. For example, ZBPs at high conduc-
tance include a single-particle contribution due simply to
tunneling through a saddle-point barrier,16–18 which must be
taken into account before attempting to discern many-
particle physics from this feature. ZBPs at low conductance,
on the other hand, are absent in the single-particle picture,18

making them ideal for studying the many-body effects in
low-density QPCs. The paper is organized as follows: Sec. II
presents measurements of ZBPs down to 10−4e2 /h at base
temperature and zero field. Magnetic field and temperature
dependencies are presented in Secs. III and IV, respectively,
and compared with those of high-conductance ZBPs. In Sec.
V, implications of the measurement results on theoretical
models are discussed. A brief conclusion is given in Sec. VI.

II. ZERO-BIAS PEAKS AT LOW CONDUCTANCE

Three 1-$m-long and six 0.5-$m-long QPCs were de-
fined by electrostatic gates on a GaAs/AlGaAs heterostruc-
ture with a 2DEG 110 nm below the surface. The litho-
graphic width of the QPCs was 225 nm. At T=1.5 K, the
electron density and mobility of the 2DEG were ns=1.11
!1011 cm−2 and $=4.44!106 cm2 /Vs, respectively. Dif-
ferential conductance measurements were performed in a di-
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lution refrigerator with base electron temperature !40 mK,
using an ac lock-in technique with Vac=10 !V. Data pre-
sented in this paper were measured over a range of gate
voltages Vg, source-drain dc bias Vdc, temperature T and in-
plane magnetic field B". For some cooldowns the in-plane
field was aligned along the QPC axis and other times perpen-
dicular to it but no consistent effect of field orientation was
observed. The data for the figures in this paper came from
three different devices; consistent behaviors were observed
in all nine devices, independent of length.

Differential conductance signatures of the QPCs in this
experiment were similar to those reported across the litera-
ture #Fig. 1$a%&.7,15 ZBPs were observed from just below the
first plateau $G=2e2 /h% all the way down to pinch-off. A
logarithmic plot of G #Fig. 1$b%& shows that the ZBPs could
be resolved down to 10−4e2 /h, the lowest conductance mea-
sured in this experiment. At this low conductance, the de-
tailed shape of differential conductance curve was found to
differ between QPCs and even cooldowns. In many cases the
ZBP was very sharp, with peak conductance as large as five
times higher than the conductance off-peak even below G
!10−3e2 /h #Fig. 1$c%&. The strength and visibility of the ZBP
below 0.1e2 /h depended on device details but all measured
QPCs showed ZBPs at least down to 10−1e2 /h. We conclude,

therefore, that the presence of a ZBP in the low-conductance
limit is a universal characteristic.

ZBPs can be characterized by a full width at half maxi-
mum $FWHM% and a peak height, "G. Previous reports have
consistently shown that the FWHM decreases monotonically
as G drops from 2e2 /h to !0.7#2e2 /h.7 Below this conduc-
tance, there is a sharp rise in FWHM, which then remains
constant down to pinch-off.7,15,19 This behavior is clearly
seen in Figs. 1$b% and 1$d%. Low conductance ZBPs from the
devices in this experiment had FWHMs within the range
80–200 !V.

The peak height, "G, can be defined as the difference
between the conductance on top of the peak, Gmax, and the
average of local minima on either side. Existing literature
describes a similar nonmonotonic dependence of "G on Gmax
with a local minimum at G!0.7#2e2 /h.15 One significant
feature of "G that can be easily seen in log-scale plots such
as Fig. 1$b%, but has not been previously pointed out, is that
the relative peak height "G /Gmax saturates at a value that
does not change over orders of magnitude in conductance
#see also Fig. 1$d%&. This remarkable consistency of relative
peak height over a wide range of conductance was observed
in many QPCs and cooldowns. The saturation value varied
within the range 0.3–0.8 from device to device. A similar
saturation of "G /Gmax can be noted in Fig. 2b of Ref. 15 but
was not discussed in that work.

III. SPLITTING IN MAGNETIC FIELD

Zero-bias conductance peaks in QPCs are suppressed by
in-plane magnetic fields on the scale of several Tesla—a phe-
nomenon observed in this experiment and consistent with
reports from across the literature. For ZBPs above 1e2 /h, a
splitting was often observed before the peak was fully sup-
pressed. The magnitude of the splitting, $pp, was typically
between 3–5Ez,7,15 where Ez= 'g!BB"' is the Zeeman energy
using the bulk GaAs g factor, g=−0.44. We compare $pp to
Zeeman rather than orbital energy scales because the mag-
netic fields were applied in the sample plane, causing rela-
tively minor orbital effects. As the gate voltage was tuned to
bring G below 1e2 /h the splitting in all devices dropped to
less than 2Ez, consistent with the gate voltage dependence of
the splitting reported in Ref. 15. For even lower conduc-
tances, however, $pp saturated to a value that did not change
down to pinch-off #see, e.g., Fig. 2$b%&.20

The detailed magnetic field dependence of the ZBPs be-
low G!1e2 /h varied widely from device to device, even for
lithographically identical QPCs free of disorder $resonances%.
These diverse behaviors may help explain the range of re-
ports that have appeared in the literature.7,15,20,21 Figure 2
summarizes the magnetic field dependencies that were ob-
served in this experiment, all for ZBPs with similar zero-
field widths and heights. In Fig. 2$b%, a clear splitting is
observed at intermediate field, and the magnitude saturates to
1.8Ez in the low-conductance regime. In Fig. 2$d%, a splitting
is again easily seen at 7T but the magnitude is only 0.5Ez. In
Fig. 2$e%, the peak collapses much more rapidly with field,
reducing in height by 66% at 1 T compared to 15% at 1.5 T
in Fig. 2$d%. Small bumps consistent with remnants of a split
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FIG. 1. $a% Differential conductance versus source-drain dc bias,
Vdc. Each trace represents a different gate voltage, Vg, evenly
spaced with intervals of 1mV, at T=40 mK and B" =0 T. $b% Loga-
rithmic plot for data in $a%. The ZBP was clearly resolved down to
10−4e2 /h. $c% An example of sharp ZBP observed below 10−3e2 /h.
$d% FWHM $left axis% and the relative peak height "G /Gmax $right
axis% of ZBPs versus conductance maximum, Gmax, extracted from
data shown in panels $a% and $b%. Both FWHM and "G /Gmax show
a minimum around 0.7#2e2 /h and remain basically flat in the low-
conductance regime.
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ZBP are visible at 5 T but the visibility of these features is
qualitatively worse than in the other two devices. As seen in
these examples, the magnitude of splitting and resilience of
the ZBP in a finite magnetic field are not clearly correlated.

Some of the factors that influence ZBP splitting were ex-
plored in Ref. 21, where a transition from splitting to nons-
plitting behavior was reported by laterally shifting the QPC.
In the present experiments, it was observed that ZBP split-
ting in some QPCs changed from hour to hour with other
parameters held unchanged, apparently due to minor rear-
rangement of dopant potentials that were too small to affect
the zero-field conductance. This observation indicates that
ZBP splitting is exquisitely sensitive to the energy profile of
the QPC, in contrast to the ZBP itself, which was observed in
every QPC measured and whose shape was significantly less
sensitive to fine details in the QPC potential.

IV. SUPPRESSION AT FINITE TEMPERATURE

As temperature is increased, ZBPs become lower and
eventually disappear, independent of conductance !Figs. 3"a#
and 3"c#$.7 Using a Landauer description of ballistic transport

at bias voltage, V, and temperature, T "Ref. 22#

I = %
−!

!

dE t"E,V,T#!f"E,T# − f"E + eV,T#$ "1#

it is seen that the suppression of ZBPs at high temperature
can result from broadening of the Fermi functions, f"E ,T#, or
from temperature-dependent changes in the transmission co-
efficient t"E ,V ,T#, or both. To distinguish these effects, ex-
perimental data up to 650 mK are compared to calculations
that include thermal broadening but exclude any temperature
dependence of t "Fig. 3#. Assuming that the voltage bias
drops equally on both sides of the QPC "Refs. 18 and 23# and
that the barrier itself is not directly affected by the applied
bias, differential conductance at finite temperature G"V ,T#
can be expressed as the convolution of its zero-temperature
value G"V ,T=0# with the derivative of the Fermi function

G"V,T# = %
−!

!

dV!G"V!,0#
! f&" +

"V − V!#
2

,T'
!V!

, "2#

where " is the chemical potential.
In the low-conductance regime, the simulation results

!Fig. 3"b#$ closely resemble the experimental data !Fig. 3"a#$,
indicating that thermal broadening due to f"E ,T# is the major
contributor to the suppression of ZBPs. In the high-
conductance regime, however, the zero-bias conductance in
the measurement !Fig. 3"c#$ is substantially lower than in the
calculation !Fig. 3"d#$, and cannot be accounted for simply
by thermal broadening. This suggests that the functional
form of t"E# is directly affected by temperature at high con-
ductance, but not at low conductance.
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Majorana wavefunctions overlap and the resulting hy-
bridization leads to a splitting of the zero-mode [28]. This
hybridization–induced energy–splitting increases with ei-
ther decreasing wire length or increasing coherence length
and is characterized by an oscillatory behavior deter-
mined by the Fermi wavevector of the top occupied band
[28]. This is in contrast to other sources of zero-bias
conductance peaks such as Kondo resonances [22] where
the Zeeman splitting is expected to produce a monoton-
ically increasing splitting. Since both the e↵ective SC
coherence length and the e↵ective Fermi wavevector can
be tuned by varying the external magnetic field or the
chemical potential of the system, a direct observation of
the oscillatory energy splitting with increasing magnetic
field (which increases the coherence length by increasing
the e↵ective Fermi-velocity and suppressing the SC gap)
should be a definitive smoking gun for the Majorana ex-
istence.

In real systems, there are two main challenges that
have to be addressed: the finite energy resolution and
the limited experimental ability to control the chemical
potential. Various broadening mechanisms (e.g., temper-
ature, inelastic scattering, quasiparticle poisoning, disor-
der, finite tunnel barrier) may mask the underlying Ma-
jorana splitting oscillations as two closely–spaced split
peaks near zero bias may merge into a single broad zero–
bias peak. Nonetheless, the width of the Majorana peak
should show a modulation with varying Zeeman field or
chemical potential, even if the finite resolution masks the
splitting itself. In the current work we make detailed the-
oretical predictions about how the Majorana ZBCP split-
ting should depend on the relevant parameters. These
predictions are experimentally verifiable and can serve as
a clear smoking gun for the validation (or invalidation) of
the observation of Majorana modes in hybrid nanostruc-
tures. Since four distinct experimental groups [1, 10–12]
have already reported detailed results for the ZBCP de-
pendence on the applied Zeeman field, it appears that our
proposed Majorana smoking gun measurement should be
feasible in the very near future.

The currently existing experimental results do not
manifest any clear signature of Majorana oscillatory
splitting, although the issue is by no means definitively
sorted out since the higher field data are rather sparse
and have not yet been carefully analyzed. However,
more importantly, our work shows that one must con-
ceptually distinguish between the field–dependent Majo-
rana splitting at constant chemical potential versus con-
stant carrier density. All discussions of Majorana split-
ting in the literature have so far considered only the
constant chemical potential situation, where both the
average splitting and the oscillation amplitude increase
monotonically with increasing Zeeman splitting, yet ac-
tual experiments, because of repulsive interactions are
mostly carried out at constant density. We show that
the constant density condition is qualitatively di↵erent
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FIG. 1: (Color online) Oscillatory splitting of the Majo-
rana mode as a function of VZ (for µ = µ

3

, top panel)
and �µ = µ � µ

3

(for VZ = 0.75 meV, bottom). The
parameters used in the calculation are: � = 0.25 meV,
↵2m⇤/2~2 = 50µeV , and meff = 0.015me. This behavior
is independent on the number of occupied bands. Finite en-
ergy resolution (�E = 10µeV, yellow band) may prevent the
observation of oscillatory slitting in long wires.

and may lead to a strong suppression of the oscillatory
splitting, although generically some splitting is always
present. Moreover, the oscillatory splitting is always
present at constant Zeeman field as a function of chem-
ical potential (or particle density). Thus, experiments
searching for the oscillatory splitting (or the associated
modulations of the ZBCP width) in gated samples should
focus on the ability to tune the density and/or chem-
ical potential. We know of no other proposed mecha-
nism in superconductor–semiconductor hybrid structures
that could lead to a ZBCP manifesting oscillatory split-
ting, except for the Majorana–induced zero bias peak
predicted to occur in the topological SC phase.
Finite SC nanowires in the topological phase have been

proposed to support a pair of near zero-energy Majorana
fermions (MFs), one at each end of the wire. The energy
degeneracy of these zero modes is removed [28] by an
energy splitting

�E ⇠ Re[ †
l

(L/2)Ĵ 
r

(L/2)], (1)

where  
l,r

(L/2) are the wave-functions of the MF bound-

states near the left and right ends respectively and Ĵ is
the splitting operator whose explicit form is given in the
Supplementary Material. The spatial dependence of the
MF wave-functions, which can be approximated as (see
Supplementary Material for details)

 
l

(x) / e�x/⇠e±ikF,effx, (2)

for x � ⇠ where ⇠ is the e↵ective coherence length and
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FIG. 3: (Color online) Comparison between the energy split-
ting of the Majorana mode at constant chemical potential
(orange lines) and constant density (blue lines). The quasi–
periodicity of the oscillations at constant µ is absent in a wire
with fixed number of particles. The di↵erence is particularly
striking in the single–band case (top panels). Under the con-
stant density condition, small variations of the initial occu-
pancy result in qualitative changes of the dependence of �E
on VZ . In contrast, the constant chemical potential condition
is characterized by a generic oscillatory splitting.

the magnetic field.

The basis of our mechanism is that the Coulomb re-
pulsion among the carriers in the nanowire, even after
screening by the superconductor, renormalizes the elec-
trostatic potential profile in the nanowire as a result of
a self-consistent change in the density of electrons. Be-
cause of the repulsive sign of the Coulomb interaction,
this extra electrostatic potential will oppose any change
of the electron density that might result from variations
of the Zeeman potential V

Z

. Considering, for simplic-
ity, the extreme limit of strong Coulomb interaction, we
obtain the condition that the total number of electrons
in the wire mjust be fixed, i.e. the nanowire behaves
as a ’constant density’ rather than a ’constant chemi-
cal potential’ system. In the numerical calculations we
impose this condition by self–consistently adjusting the
chemical potential so that the total number of electrons
be the same as the particle number at the TQPT for a
nominal non–interacting chemical potential �µ0. The
results are shown in Fig. 3. The striking di↵erence be-
tween the dependence of the splitting on V

Z

at constant
chemical potential versus constant density is particularly
evident in the single–band case (top panels). To under-
stand the suppression of the oscillations in the constant
density case, we note that a single–band system in the
topological phase has one occupied spin-channel. Con-
sequently, the electron–density in this regime is tied to
the Fermi wave—vector k

F,eff

⇡ n. Since k
F,eff

dom-
inates the rapidly oscillating part of �E in Eq. 3, if µ
self-consistently adjusts to V

Z

in a way to keep k
F,eff

constant, then �E becomes slowly varying in V
Z

as well.

In the more realistic (and necessarily more complex)
multi–band case, the particle density is not tied to the
e↵ective Fermi wave—vector of the top band, so one

FIG. 4: (Color online) Left panels: MF splitting as a function
of chemical potential µ and Zeeman field VZ for single–band
system (top) and for a wire with n

top

= 3 (bottom). The
dark blue regions correspond to the minima of the energy
splitting. The parallel bands represent the source of the oscil-
latory splitting and a hallmark for Majorana physics. Right
panel: Density as a function of chemical potential µ and Zee-
man splitting VZ . Note that, in the single–band case, the con-
stant density contours are nearly parallel with the structures
in the left panel, which may results in a strongly suppressed
splitting or in a monotonic dependence of the splitting on VZ .

expects the oscillatory behavior to be partly restored.
Nonetheless, the quasi–periodicity of the oscillatory split-
ting is not a generic feature in a wire with constant par-
ticle density. Specific examples are shown in the lower
panels of Fig. 3 corresponding to a system with ntop = 3
(i.e., five occupied spin sub–bands). In systems with
more occupied bands, the dependence of the splitting
on V

z

approaches the quasi–periodic oscillatory behav-
ior characteristic of the constant chemical potential case.
To gain a deeper understanding of the manifestations of
the Majorana oscillatory splitting in di↵erent conditions,
we show in Fig. 4 (left panels) the dependence of �E
on both the Zeeman field V

Z

and the chemical potential
�µ, together with contour plots of the electron number as
function of the same variables (right panels). Examining
Fig. 4 we note that both the constant density contours
and the characteristic parallel structures characterizing
the MF splitting slope in a similar direction. Therefore,
the MF splitting as a function of the Zeeman field at con-
stant density will show far slower oscillations, than the
constant chemical potential situation. Moreover, a con-
stant density path may lie within either a low–splitting
or a high–splitting band for a significant range of Zeeman
fields, thus explaining the types of behavior illustrated in
Fig. 3.

Discuss: constant chemical potential versus 
constant density models
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Splitting of the zero-bias conductance peak as smoking gun evidence for the existence of the
Majorana mode in a superconductor-semiconductor nanowire
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Recent observations of a zero-bias conductance peak in tunneling transport measurements in superconductor-
semiconductor nanowire devices provide evidence for the predicted zero-energy Majorana modes, but not the
conclusive proof of their existence. We establish that direct observation of a splitting of the zero-bias conductance
peak can serve as the smoking gun evidence for the existence of the Majorana mode. We show that the splitting
has an oscillatory dependence on the Zeeman field (chemical potential) at fixed chemical potential (Zeeman field).
By contrast, when the density is constant rather than the chemical potential—the likely situation in the current
experimental setups—the splitting oscillations are generically suppressed. Our theory predicts the conditions
under which the splitting oscillations can serve as the smoking gun for the experimental confirmation of the
elusive Majorana mode.

DOI: 10.1103/PhysRevB.86.220506 PACS number(s): 74.78.Na, 03.67.Lx, 73.63.Nm, 74.78.Fk

The recent experimental report1 providing direct observa-
tional evidence for the possible existence of the predicted2–5

zero-energy Majorana quasiparticle in superconductor-
semiconductor nanowire hybrid structures in the presence of
spin-orbit coupling and Zeeman splitting has greatly excited
the whole physics community.6–9 Yet, in spite of several
subsequent reports10–12 having validated the original data
of Ref. 1, this experiment has also raised many questions.
Most of these questions arise from a critical comparison
between the experimental data1 and the original theoretical
predictions,2–5 leading to the inevitable conclusion that there
are some significant discrepancies between experiment and
theory. For example, the key experimental observation is
the development of a robust subgap zero-bias conductance
peak (ZBCP) in the tunneling differential conductance of
the nanowire in the presence of an external magnetic field
applied along the wire, as predicted theoretically3 and as
expected for a Majorana zero-energy mode in a topological
superconductor.13,14 However, the actual magnitude of the
ZBCP (∼0.1e2/h) is more than an order of magnitude smaller
than the predicted ideal quantized value (2e2/h). In addition,
the Majorana-induced ZBCP should appear only beyond a
magnetic-field-driven topological quantum phase transition
(TQPT) characterized by the closing of the superconducting
(SC) gap, yet there is no apparent signature of gap closing in
the measured tunneling current. Although recent theoretical
works15–17 provide reasonable explanations for some of these
discrepancies, other recent papers emphasize that a ZBCP
could arise in the system in the absence of Majorana bound
states, due to more mundane mechanisms involving strong
disorder,18–20 smooth end confinement,21 or Kondo physics.22

Given this fluid and confusing nature of the subject
matter, with publications arguing in favor of or against the
Majorana interpretation of the experimental observation in
Ref. 1 appearing almost weekly, it is of paramount importance
to conceive of hallmark experimental signatures for the
Majorana quasiparticle. It was already emphasized in the
original theoretical predictions3,4 that the observation of a

ZBCP at finite magnetic field is only a necessary condition
for the existence of Majorana quasiparticles. The sufficient
condition to validate their existence must be some type of
interference measurement, such as the fractional Josephson
effect23,24 manifesting a 4π periodicity in an ac Josephson
measurement. While such a measurement, or the direct
observation of non-Abelian Majorana interference,25–27 will
certainly be necessary down the line to absolutely validate the
existence of localized non-Abelian Majorana modes, the high
level of complexity and difficulty of this type of measurements
make it unlikely that they will be successful in the near future.
Therefore, it is desirable that a simpler experimental smoking
gun for the Majorana, something with a difficulty level
comparable with the existing ZBCP experiments, be proposed
and carried out long before the rather challenging fractional
Josephson measurement and the interference experiments
could be performed. In the current work, we propose a smoking
gun Majorana measurement that not only could be carried
out right now, but in fact it is conceivable that the necessary
experimental data could already be hidden in the reported
ZBCP measurements.

Our key observations in this context are that (i) nanowire
Majorana modes always come in pairs23 localized at the
two ends of the wire, and (ii) the Majorana mode is a pure
zero-energy mode only when the wire is infinitely long. For
any realistic finite-length wire, the two end Majorana wave
functions overlap and the resulting hybridization leads to
a splitting of the zero mode.28 This hybridization-induced
energy splitting increases with either decreasing wire length or
increasing coherence length and is characterized by an oscilla-
tory behavior determined by the Fermi wave vector of the top
occupied band.28 This is in contrast to other sources of zero-
bias conductance peaks such as Kondo resonances22 where
the Zeeman splitting is expected to produce a monotonically
increasing splitting. Since both the effective SC coherence
length and the effective Fermi wave vector can be tuned by
varying the external magnetic field or the chemical potential
of the system, a direct observation of the oscillatory energy

220506-11098-0121/2012/86(22)/220506(5) ©2012 American Physical Society
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Transport spectroscopy of N S nanowire junctions with Majorana fermions
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We investigate transport through normal-superconductor nanowire junctions in the presence of spin-orbit
coupling and magnetic field. As the Zeeman field crosses the critical bulk value Bc of the topological transition,
a Majorana bound state (MBS) is formed, giving rise to a sharp zero-bias anomaly (ZBA) in the tunneling
differential conductance. We identify novel features beyond this picture in wires with inhomogeneous depletion,
such as the appearance of two MBSs inside a long depleted region for B < Bc. The resulting ZBA is in most
cases weakly split and may coexist with Andreev bound states near zero energy. The ZBA may appear without
evidence of a topological gap closing. This latter aspect is more evident in the multiband case and stems from a
smooth pinch-off barrier. Most of these features are in qualitative agreement with recent experiments [V. Mourik
et al., Science 336, 1003 (2012)]. We also discuss the rich phenomenology of the problem in other regimes which
remain experimentally unexplored.
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Following early ideas based on exotic p-wave
superconductors,1,2 it has been recently predicted that Ma-
jorana quasiparticles should appear in topological insulators3

and semiconductors with strong spin-orbit (SO) coupling.4–8

In proximity to s-wave superconductors, these systems behave
as topological superconductors (TSs) when the excitation
gap is closed and reopened again: as the gap crosses zero,
Majorana bound states (MBSs) appear wherever the system
interfaces with a nontopological insulator (see Refs. 9 and 10
for reviews).

The TS transition occurs when an external Zeeman field
B exceeds a critical value Bc ≡

√
µ2 + !2 defined in terms

of the Fermi energy µ and the induced s-wave pairing !.7,8

This prediction has spurred a great deal of experimental
activity towards detecting MBSs in hybrid superconductor-
semiconductor systems. Indeed, signatures of Majorana detec-
tion have been recently reported in Ref. 11. These experiments
(and subsequently Refs. 12 and 13) clearly show the emergence
of a zero-bias anomaly (ZBA) in differential conductance
dI/dV measurements as B increases. It has been predicted that
such a ZBA reflects tunneling into the MBS.14–16 Crucially,
the emerging ZBA, which signals the TS transition, should
be accompanied by a closing and reopening of the excitation
gap.17,18 something which is, however, not observed. Other
experimental findings, such as ZBA splitting and coexistence
of Andreev bound states (ABSs) and MBSs,11 also need further
analysis.

Motivated by this, we present here a detailed study
of transport through normal-superconductor (NS) junctions
containing topological wires. As in the experiment, the wires
are tunnel-coupled to the normal reservoir by a pinch-off gate
Vp (to allow for transport spectroscopy using dI/dV ), and are
depleted by an additional gate Vd in order to bring Bc down
to accessible fields (since the induced potential Ud lowers the
Fermi energy µ → µ − Ud ). The depletion profile, however,
is necessarily inhomogeneous, since it cannot extend deep into
the superconducting side due to efficient screening, see Fig. 1
and Ref. 11. We find that for this class of devices, a number of
distinct transport regimes arise as the various sections of the

wire transition to different electronic phases. We characterize
these regimes and the rich phenomenology that results beyond
the simplest picture.14–16 In particular, we address the question
of whether the ZBAs are related to Majorana physics, and
confirm that this is indeed the case for long depletion regions.
We also analyze the development of ABSs close to zero energy
when the pinch-off gate lies at a finite distance from the NS
junction. Our main results are summarized in Fig. 4(e) where
we demonstrate that the dI/dV of realistic junctions with
inhomogeneous depletion and multisubband filling may not
show a distinct closing of the gap and yet exhibit ZBAs of
Majorana origin. In most cases, these ZBAs show a residual
splitting and may coexist with ABSs, features also observed
in Ref. 11.

Model. We first consider a one-dimensional NS junction
[see Fig. 1(a)], with a BCS-type Hamiltonian H = H0 +
Hpairing, where

H0 =
∫

dxψ†(x)
[−∂2

x

2m
+ iασy∂x + Bσz + U (x) − µ

]
ψ(x)

and Hpairing =
∫

dxψ†(x)i!(x)σyψ
†(x) + H.c.

Here α is the SO coupling and B is the Zeeman splitting
(given by B = gµBB/2, where B is an in-plane magnetic
field, µB is the Bohr magneton, and g is the nanowire g
factor). We assume a position-dependent pairing !(x) induced
by the superconducting electrode such that !(x → ∞) = !
and !(x → −∞) = 0. The term U (x) = Ud (x) + Up(x) is
composed of two parts: Up(x) comes from the pinch-off
gate Vp in the normal region at a distance LN from the
NS interface, and Ud (x) models the potential induced by the
depletion gate Vd .19 Gate Vd may extend all the way into
the normal side of the NS interface [case NdSdS, with a
depleted length Ld = LNd + LSd , Fig. 1(a)], or be limited to
the end of the superconducting side [case NSdS, Ld = LSd ,
Fig. 1(b)]. We will consider the former case first, where we
cover different parametric regimes, and then turn to the second
one, which is closer to the experimental setup.11 Realistic
experimental parameters are ! = 250 µeV is the induced gap
that, for an InSb effective mass m = 0.015me, corresponds to

180503-11098-0121/2012/86(18)/180503(5) ©2012 American Physical Society
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FIG. 1. (Color online) Schematics of the nanowire junction in
the NdSdS (a) and NSdS (b) setups, and spatial variation of
superconducting gap and potential profiles (c). Gate Vd depletes the
wire, while Vp creates a tunnel contact (I) to the left (normal) reservoir.
One (red) or two (red and yellow spheres) Majorana bound states may
appear at the edges of the depleted region depending on the Zeeman
field and gate voltage Vd . (d) Transport regimes for a transparent NS

junction (Vd,p = 0, µ = 4!) in the Zeeman-field–bias plane.

a length scale L! ≡ h̄/
√

m! ≡ 142 nm. Strong SO coupling,
representative of InSb wires,20 is α = 20 meV nm, with SO
length LSO = h̄2/(mα) = 200 nm = 1.4L!.21

Scales. A localized MBS is formed at the boundary of a
trivially gapped and a TS portion of the wire. At a point x the
wire will be in the TS phase if !(x) > 0 and

B >
√

[µ − U (x)]2 + !(x)2. (1)

The asymptotic value of the critical field is the proper (bulk)
critical field Bc. Apart from Bc, several other Zeeman scales
dictate the junction’s transport properties. The first one is the
TS critical field in the depleted part of the superconducting
wire, Bd

c ≡
√

(µ − Ud )2 + !2, which is smaller than Bc, as is
the purpose of the depletion gate. It should be noted, however,
that the depleted Sd region has a finite length, which crucially
affects Majorana modes for Bd

c < B < Bc, as discussed later,
while the S portion is assumed infinite. Second, there is the
field above which the normal side of the wire becomes a
helical liquid (momentum and spin become correlated). In the
NSdS case (normal side not depleted), this is Bh ≡ µ, which is
typically slightly smaller than Bc, but bigger than both Bd

c and
the corresponding helical field in the NdSdS case, namely,
Bd

h ≡ |µ − Ud | < Bd
c . Finally, there is the superconducting

gap itself, B! ≡ !, whose significance will become clear later.
All these scales (B! plus Bd

c < Bh < Bc in the NSdS case, or
Bd

h < Bd
c < Bc in the NdSdS), control different aspects of the

junction’s differential conductance in the B-V plane.
Differential conductance. The dI/dV of a NS junction may

be related to the intrinsic conductance at zero temperature by
the expression22

dI (V )
dV

= e2

h

[
N − Tr(r†eeree) + Tr(r†ehreh)

]
ε=V

.

FIG. 2. (Color online) Density plots of the dI/dV in the NdSdS

junction (µ = 4!, Ud = 3.25!, Up = 25!, δ = 0) for LSO = 1.4L!

as a function of bias voltage V and Zeeman field B with a
tunnel pinch-off barrier and a depletion region of length LNd + LSd ,
Fig. 1(a). Different columns feature increasing values of LSd from
left to right, whereas different rows feature increasing length LNd

from top to bottom.

Here, N is the number of propagating channels in the normal
side at energy ε = V , and ree and reh are their normal and
Andreev reflection matrices. These matrices can be computed
in a number of ways. The most flexible is the recursive Nambu
Green’s function approach, employed here (for full details, see
Ref. 23).

Before considering the effect of U (x), we show the transport
phase diagram [see Fig. 1(c)] in the simple NS transparent
limit, i.e., in a regime where the concepts of MBSs and ZBAs
no longer hold. We observe different transport regions in
the B-V plane characterized by an integer dI/dV ≈ ne2/h,
with n = 0,1,2,3,4. Such is the case of Cooper pair transport
(region I, n = 4) or single quasiparticle transport (region III,
n = 2). The latter is a TS regime, whose topology becomes
evident in the dI/dV despite the fact that the associated
Majorana fermion is completely smeared out due to the
gapless spectrum for x < 0.24–27 Between these two regions,
the helical regime is characterized by a fully suppressed
zero-bias conductance (region II, n = 0). These results extend
the concept of half-integer conductance quantization24 beyond
linear response.

We now consider the NdSdS junction with the full U (x).
Its dI/dV response (with LSO = 1.4L!) is plotted in Fig. 2.
Different panels cover different ratios LNd /L! and LSd /L!.
The tunnel barrier Up is tuned in each case to yield spectro-
scopic resolution in the transport response. A wide range of
behaviors becomes apparent, which reflects the local density of
states (DOS) at the pinch-off gate. The most paradigmatic one
is probably the one in the top-left panel. It reflects the closing
of the effective superconducting gap (marked by the gap-edge
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Motivated by recent experiments searching for Majorana fermions (MFs) in hybrid
semiconducting-superconducting nanostructures and by subsequent theoretical interpretations, we
consider the so far most realistic model (including disorder) and analyze its transport behavior nu-
merically. In particular, we include in the model superconducting contacts used in the experiments
to extract the current. We show that important new features emerge that are absent in simpler
models, such as the enhanced visibility of the topological gap for increased spin-orbit interaction.
We find oscillations of the zero bias peak as function of magnetic field and explain their origin. Even
taking into account all the possible (known) ingredients of the experiments and exploring many pa-
rameter regimes for MFs, we are not able to reach a satisfactory agreement with the reported data.
Thus, a di↵erent physical origin for the observed zero-bias peak cannot be excluded.

PACS numbers: 74.45.+c, 73.63.Nm, 74.78.Na

The experimental search [1–3] of Majorana fermions
(MFs) predicted to occur in condensed matter sys-
tems [4–10] is very challenging due to the fact that these
exotic quasiparticles are characterized by zero e↵ective
coupling to electromagnetic fields. Only an indirect iden-
tification is possible via induced signatures. For instance,
the presence of a MF is expected to induce a zero-bias
conductance peak (ZBP) in a tunnel-spectroscopy trans-
port experiment [11, 12]. However, such features while
being easily observable, are not an unambiguous demon-
stration of MF physics. The same ZBPs can indeed be
induced by various di↵erent mechanisms, including the
Kondo e↵ect [13], Andreev bound states [14], weak an-
tilocalization and reflectionless tunneling [15]. Ruling out
these alternative scenarios has been made di�cult by the
fact that the measured conductance has a rather unex-
pected behavior, so that also the explanation in terms of
MFs is not entirely satisfactory.

A typical experimental setup [1–3] (see Fig. 1) con-
sists of a spin-orbit-coupled semiconducting nanowire de-
posited on or coated with a bulk s-wave superconductor
on one end and contacted through a tunnel barrier by a
normal lead, on the other end. Part of the nanowire it-
self is assumed to be in a superconducting state, induced
through proximity e↵ect by the bulk superconducting
lead.

The magnetic-field-induced transition to the topolog-
ical phase in the nanowire is accompanied by a closing
and reopening of the excitation gap [5–10]. The topo-
logical phase formally persists for all values of magnetic
field above a critical B

c

in a one-band model, while it
could have a finite upper critical field in a multi-band
model, where bands are crossing at large Zeeman split-
tings and hybridization of MFs can take place. How-
ever, in experiments one typically explores magnetic field
regimes where only one band undergoes a topological
transition [1–3]. Since the bulk superconductor always
remains in a non-topological state, the topological sec-

FIG. 1. The schematics of the NSS0 geometry setup we con-
sider in this work– (top panel). The sample under investiga-
tion is connected on the left to a semi-infinite normal lead (N,
orange) and on the right to a semi-infinite bulk s-wave super-
conducting lead (S, green). It consists of a normal nanowire
section (NW, gray), where a potential barrier U(x) (black) is
created, and a proximity-induced superconducting nanowire
section (SW, gray). We allow for static disorder w(x, y) (red
crosses) in the nanowire. The spatial dependence of all the pa-
rameters entering the Hamiltonian in Eq. (1) is qualitatively
depicted in the bottom panel.

tion has a finite length L
?

, and MFs localized at its ends
can overlap, depending on their localization length ⇠

M

.
Given that the latter depends also on the value of mag-
netic field, one expects to observe a ZBP that splits for
large enough B-fields.

The experiments conducted so far [1–3] reported fea-
tures which are partially consistent with the existence
of Majorana end-states in the nanowire, namely a (non-
quantized) ZBP when a magnetic field of su�cient
strength is applied along the nanowire. However, quan-
titative agreement with the theory is still missing, and in
particular the following points have to be clarified:

a) The most evident discrepancy between experiment
and theory is the absence of any experimental signa-
ture related to the closing of the excitation gap in the
nanowire. Recently, this fact has been ascribed to the
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outside the range in chemical potential where Majorana
end states are expected in the clean limit, and are pro-
duced by ordinary fermion states localized to the wire
ends and clustered near the Fermi-energy. These states
are in some sense, remnants of Majoranas, and appear
and disappear with magnetic field in the same way as
true Majorana end-states. Therefore, we argue, that the
only way to definitely rule out a non-topological origin
to the ZBP is to lower temperature below the thermally
broadened regime and observe a truly quantized zero-bias
conductance peak, well isolated from other background
states.
Model – We consider a three-dimensional rectangular
wire of length L

x

along the x̂ direction and cross sectional
area L

y

⇥L
z

in the yz-plane. The continuum Hamiltonian
for the spin-orbit coupled wire without proximity induced
superconductivity is:

H = (1)
X

r

c†r,↵

✓
�r2

2m
� µ� i↵

R

ẑ · (� ⇥r)� µ
0

B · �
◆

↵�

cr,�

Here ↵
R

is the Rashba velocity, related to the spin or-
bit coupling by E

so

= 1

2

m↵2

R

, µ
0

= gµ
B

is the Zeeman
coupling to the magnetic field B taken throughout to
point along the wire (in the x̂ direction), and �

0

is the
proximity–induced pairing amplitude.

To model this system, we approximate the contin-
uum Hamiltonian by the following discrete tight binding
Hamiltonian, defined on a N

x

⇥N
y

⇥N
z

site prism:

H
tb

=
X

r,d

c†r+d,↵

h
�t�

↵�

� iU
R

ẑ ·
⇣
�

↵�

⇥ d̂
⌘i

cr,��

�
X

r

c†r,↵ [µ�
↵�

+ µ
0

B · �
↵�

] cr,�+

+ V
imp

(r)
X

r

c†r,↵cr,↵ (2)

Here, we have included a random impurity potential
V
imp

(r), which is chosen independently for each site, iden-
tically distributed according to a Gaussian with variance
V (r)V (r0) = W 2�r,r0 , where (· · · ) indicates averaging
with respect to disorder configuration.

Table I relates the tight-binding parameters to the
continuum model and gives estimated values for InSb
nanowires. There is considerable uncertainty in the esti-
mated spin-orbit strength, which was measured without
the superconducting layer[24]. Since E

so

derives solely
from the inversion symmetry breaking potential of the
substrate-wire and superconductor-wire interfaces, the
actual value could be rather di↵erent than 50µeV, and
one should consider the possibility that E

so

is much
smaller (or larger). The mean-free path from disor-

der is ` = v
F

⌧ where ⌧�1 ⇡ 2⇡ W

2
a

LyLz
N(µ) is the elas-

tic scattering rate due to impurities. Here N(µ) is the

FIG. 2. Conductance traces as a function of µ
0

B, correspond-
ing to the color plot in Fig. 1. From bottom to top µ

0

B
ranges from 0 to 3�

0

in steps of 0.2�
0

(curves are o↵set for
clarity). µ = �172 corresponding to cut A in Fig. 3, and
to 6 occupied sub-bands (including spin). ZBPs appear for
µ
0

B ⇡ �
0

just as for a Majorana end-state, despite having
an even number of occupied sub-bands. Wire dimensions are
N

y

⇥ N
z

⇥ N
x

= 6 ⇥ 5 ⇥ 180. Tight-binding parameters:
W = 12, t = 36.5, U

R

= 2.7, �
SC

= 2.5, and �
LW

= 0.3.

























FIG. 3. (Left) Color plot of conductance for same parameters
as Fig. 2, but with fixed µ

0

B = 1.5�
0

. µ is varied so that
between 5-6 sub-bands are occupied, and is measured with
respect to the center of the 3rd topological region located at
µ
3

= �175.2. Stable ZBPs occur for a wide-range of µ, but
have no topological origin. Detailed µ

0

B dependence is shown
for µ corresponding to the dashed line A (see Figs. 1 and 2)
and line B (see Fig. 5). The topological region in the absence
of disorder, indicated by “Top. Region”, does not exhibit
ZBPs for this disorder configuration.

1D density of states at the chemical potential: N(µ) =P
n

1

2⇡a

p
t(µ�"n)

, where the sum is over occupied sub-

bands labeled by n and having band-bottoms located at
energy "

n

. Transport experiments estimate ` ⇡ 3µm
(again without a superconducting layer)[25]. Since these
measurements were done at large source-drain bias, this
value reflects a sort of average over the lowest 3-4 sub-
bands, and should be taken as a rough guide.

Since only the outer-boundary of the wire is in contact
with the superconductor, there will in general be di↵erent
proximity induced gaps for di↵erent sub-bands. These
multi-band e↵ects can be important for reproducing the
observed data for InSb wires. There, coherence peaks are

Zero-bias peaks in spin-orbit coupled superconducting wires with and without

Majorana end-states

Jie Liu1,⇤ Andrew C. Potter2,⇤ K.T. Law1, and Patrick A. Lee2
1Department of Physics, Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong, China and

2Massachusetts Institute of Technology 77 Massachusetts Ave. Cambridge, MA 02139

One of the simplest proposed experimental probes of a Majorana bound-state is a quantized
(2e2/h) value of zero-bias tunneling conductance. When temperature is somewhat larger than the
intrinsic width of the Majorana peak, conductance is no longer quantized, but a zero-bias peak
can remain. Such a non-quantized zero-bias peak has been recently reported for semiconducting
nanowires with proximity induced superconductivity. In this paper we analyze the relation of the
zero-bias peak to the presence of Majorana end-states, by simulating the tunneling conductance
for multi-band wires with realistic amounts of disorder. We show that this system generically
exhibits a (non-quantized) zero-bias peak even when the wire is topologically trivial and does not
possess Majorana end-states. We make comparisons to recent experiments, and discuss the necessary
requirements for confirming the existence of a Majorana state.

Recent proposals[1–7] to build topological supercon-
ductors from conventional spin-orbit coupled systems
have sparked an active experimental e↵ort to realize Ma-
jorana fermions and probe their predicted non-Abelian
exchange statistics. Tunneling from a normal wire into a
topological superconducting wire with a Majorana end-
state yields a quantized G(0) = 2e

2

h

conductance peak
at zero-bias[8–10]. This quantized zero-bias peak (ZBP)
constitutes one of the simplest and most direct experi-
mental probes for a Majorana fermion, and is likely to
be the first test conducted on any putative topological su-
perconducting wire. The observation of quantized zero-
bias conductance with G(0) = 2e

2

h

ZBP requires tem-
perature, T to be su�ciently smaller than the intrinsic
width, �, of the Majorana peak, due to hybridization
with the normal lead. For T comparable to or somewhat
larger than � a ZBP may still occur, but its no longer
quantized and can take any value less than 2e

2

h

[8–10].

A recent set of experiments on InSb nanowires coated
with a superconducting NbTiN layer report the obser-
vation of non-quantized ZBP’s when a magnetic field of
su�cient strength is applied along the wire[11]. Similar
results have since been reported by other groups[12, 13].
These experimental observations are qualitatively con-
sistent with the existence of Majorana end-states, and
constitute an important first step towards the realiza-
tion of Majorana fermions in solid-state systems. Given
the potential significance of these findings, it is impor-
tant to build a more quantitative understanding of the
experimental system. In particular, we would like to es-
tablish whether observed non-quantized ZBP’s definitely
correspond to thermally broadened peaks from Majorana
end-states, or whether they could be produced by some
other mechanism?

To this end, we have conducted numerical simula-
tions of tunneling conductance for spin-orbit coupled
wires with proximity-induced superconductivity. Our
simulations use realistic energy scales appropriate for

FIG. 1. (Top) Schematic of tunneling geometry. (Lower Left)
Dispersion of sub-bands in multi-band wire. Each sub-band
is split by µ

0

B due to the magnetic field. Majorana fermions
appear only when an odd number of sub-bands is occupied.
(Lower Right) Color plot of tunneling conductance, G, at fi-
nite temperature as a function of applied field µ

0

B and lead-
wire voltage, V , for a multi-band wire with realistic amounts
of disorder (see Fig. 2 for detailed parameters). A stable zero-
bias peak appears despite the fact that there is no Majorana
end-state. At lower temperature, the peak is revealed to come
from a cluster of low-energy states (see Fig. 2).

InSb wires, and consider the various experimentally rel-
evant non-idealities including: multiple occupied sub-
bands[14–17], modest amounts of disorder[15, 18–20],
and non-zero temperature. Our study reveals impor-
tant features absent in previous studies of clean- or very
weakly disordered wires[21–23].
We find that, at non-zero temperature and in the pres-

ence of multiple sub-bands and weak disorder, zero-bias
peaks generically occur even when the wire is in the topo-
logically trivial regime and does not have Majorana end-
states. Furthermore, we find that the ZBP’s persist even
when disorder is su�ciently strong to destroy the topo-
logical phase and fuse the Majorana fermions on each
side of the wire[15, 18–20]. Such ZBP’s are also found
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Magnetic field tuned dimensional crossover in spin-orbit coupled semiconductor nanowires with

induced superconducting pairing

Tudor D. Stanescu,1 Roman M. Lutchyn,2 and S. Das Sarma3
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Condensed Matter Theory Center, Department of Physics,
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We show that the topological Majorana quasiparticles hosted by semiconductor nanowires much longer than
the superconducting coherence length are adiabatically connected with discrete zero-energy states generically
occurring in short nanowires. We demonstrate that these zero-energy crossings can be tuned by an external
magnetic field and are protected by the particle-hole symmetry. We study the evolution of the low-energy
spectrum as a function of the magnetic field, wire length, and chemical potential, manifestly establishing that
the low-energy physics of short wires is directly related to that occurring in long nanowires. In the presence of
finite energy resolution, invariably operational under experimental conditions, the near-zero-energy states of a
short wire give rise to a zero bias conductance peak over a finite magnetic field range.

PACS numbers: 03.65.Yz

The theoretical predictions [1–11] that proximity effect in-
duced by ordinary s-wave superconductors, along with spin-
orbit coupling and Zeeman spin splitting, could give rise to
topological superconductivity have led to an intensive experi-
mental search for Majorana fermions. Following specific the-
oretical predictions [7, 8], a series of recent experimental pa-
pers [12–15] have presented evidence for the existence of Ma-
jorana modes in quasi-1D semiconductor nanowires. This ex-
citement is further enhanced by the fact that these Majorana
end modes can, in principle, be used to carry out fault-tolerant
topological quantum computation [16, 17], as envisioned orig-
inally by Kitaev [18] more than 10 years ago.

Any observation of the Majorana mode in solid state mate-
rials is a rather important experimental discovery, therefore it
is legitimate to ask critically whether the recent experimental
findings are truly consistent with the theoretical predictions
for the elusive Majorana particle. This is particularly impor-
tant in view of the fact that the current experimental observa-
tions (except Ref. [13]) are based entirely on the existence
of zero-bias conductance peaks (ZBCPs) in the differential
tunneling measurements, which represents a necessary con-
dition [9, 19–22] for the existence of the Majorana mode. The
sufficient condition necessitates an interference experiment
establishing the non-Abelian nature of these modes, which
has not yet been performed. Since ZBCPs arise quite com-
monly in both superconductors and semiconductors, it is of
critical importance to carefully analyze the various experi-
mental data to see whether the ZBCP is indeed consistent with
the existence of the Majorana or is arising from other, pre-
sumably more mundane, physical mechanisms. In addition,
in short wires with lengths comparable to the superconduct-
ing coherence length, it is commonly believed that the two
end Majorana modes should hybridize and move away from
zero bias [23, 24]. Since disorder-induced chemical potential
fluctuations could in principle break up a quantum wire into
shorter segments (i.e., random charged puddles that would be-
have as quantum dots), it is important to correctly identify the

nature of the ZBCPs in small dots and to determine the fea-
tures that distinguish them from Majorana ZBCPs. This is-
sue has become urgent because the original observation of the
ZBCP in long (> 2µm ) InSb nanowires by Mourik et al. [12]
has recently been qualitatively reproduced in short (< 0.5µm)
InAs nanowires by Das et al. [15], thus raising the important
question of whether the ZBCPs in long and short wires are
manifestations of the same qualitative physics or not.

The goal of the current work is to critically investigate the
wire length dependence of the ZBCP in superconducting (SC)
nanowires and to clearly identify the nature of the ZBCP in
short wires and its possible relationship to the Majorana zero
modes in long wires. We establish that, for appropriate val-
ues of the magnetic field, the lowest energy mode of the SC
system is characterized by an adiabatic continuity as a func-
tion of wire length and that ZBCPs generated by this near-
zero-energy mode may exist even for wire lengths compara-
ble to the SC coherence length. Therefore, although in short
wires the whole notion of a topological phase with non-local
zero-energy Majorana modes becomes meaningless, the zero-
energy crossings associated with the ZBCPs can be viewed as
signatures of remnant Majorana physics carried over from the
long-wire topological phase. We thus believe that the ZBCPs
observed in Refs. [12] and [15] for long and short wires, re-
spectively, are adiabatically connected and, in some sense, are
both manifestations of the predicted Majorana quasiparticles
in topological quasi-1D superconductors [7, 8]. By solving
numerically an effective tight-binding model for multiband
semiconductor (SM) nanowires with realistic parameters, we
calculate the energy spectrum and the density of states as func-
tions of the wire length and externally tunable parameters -
magnetic field and chemical potential. We show that robust
zero-energy crossings generically occur in short nanowires
at discrete values of the magnetic field B. When isolated
in some parameter space, these accidental zero-energy cross-
ings are protected by the particle-hole symmetry which is a
hallmark of spinless p-wave superconductivity. With increas-
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physically identical to the nanowire, with a single pairing
amplitude �

?

. In such a configuration, the second Majo-
rana end-state is always moved to infinity, and the ZBP
is locked to zero for all values of magnetic field B > B

c

,
whereby the topological transition occurs at the critical
field (gµ

B

/2)B
c

=
p

�2

?

+ µ2 [5–10]. We will sometimes
switch to this NS configuration in order to make contact
to previous theoretical studies [16, 17, 23–27] and to
understand the e↵ect of the bulk superconductor.
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FIG. 2. E↵ect of larger SOI strength. We plot here the dif-
ferential conductance dI/dV evaluated as a function of bias
voltage V and Zeeman energy V

Z

. Panels a) and b) refer to the
NS configuration, while c) and d) refer to the NSS0 setup. The
parameters used here are �? = 250 µeV, �

0

= 2.1 meV (only
NSS0), U

0

= 45 meV, � = 1 nm (narrow barrier), L
N

= 0,
L? = 6 µm (only NSS0) and µ = 0, which corresponds to a
critical V c

Z

= �?. For the case of InSb, the plotted range
V

Z

= 0 � 6�? corresponds to B = 0 � 1 T. Temperature is
set to T = 75 mK. (Left column) E

so

= 50 µeV. (Right col-
umn) E

so

= 200 µeV. Larger SOI yields a slower closing of
the k

F

-gap �kF(B), in both configurations, where k

F

is the
Fermi momentum. Notice that in the NSS0 case the k

F

-gap
signal decreases in intensity as the magnetic field grows.

Let us first note that the actual value of the SOI ↵ in
the experiments is not known, as also noticed in Ref. [28],
since the only available measurements have been per-
formed in a di↵erent setup, where the e↵ective Rashba
SOI could be largely modified. Similarly, the value of
the proximity-induced pairing amplitude is not directly
accessible, and one can only infer its value from the con-
ductance peaks. Having said that, it becomes interest-
ing and even necessary to consider regimes with di↵erent
SOI, or di↵erent proximity-induced gap magnitudes.

The first important point we want to make is that by
assuming that the actual SOI is larger than the reported
one (e.g. E

so

= 50 µeV in Ref. [1]), one can get a sub-

stantial improvement in the calculated dI/dV behavior,
with features resembling closer the ones observed in ex-
periments [1–3]. In other words, the data gives hints of a
stronger SOI. In particular, we note the following facts.
1) Under the assumption that the ZBP observed in

Refs. [1–3] arises from MFs, one must conclude that
the chemical potential in the topological region is low,
µ ' 0, since the ZBP emerges at low magnetic field,
1

2

gµ
B

B ' �
?

for g = 50, which implies a low µ in view
of the relation between B

c

, µ, and �
?

. However, such a
low µ, together with the reported SOI values [1], would
generate a rapid closing of the k

F

-gap �
kF as a func-

tion of magnetic field. This is indeed what we observe in
our numerical calculations when we work in the regime
µ ' 0, E

so

= 50 µeV, both in the NS and NSS0 setup, see
Fig. 2a) and c), respectively. Note that in the NS case
the ZBP stays at zero bias for all magnetic fields, whereas
in the NSS0 case the finite length of the topological re-
gion induces an oscillating splitting, analyzed below. In
the same figure we show that a stronger SOI gives better
agreement with the measured �

kF(B), both in the NS
setup [24], see panel b), and in the NSS0 setup, shown in
panel d). Note that this latter SOI e↵ect is independent
of the nature of the observed ZBP.
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FIG. 3. E↵ect of larger SOI strength on disorder, NSS0 case.
The parameter values are the same as in Fig. 2. In addition,
a realistic disorder wm 2 [�2.4, 2.4] meV (corresponding to
a mean free-path `

mfp

' 2.5 µm [28]) is included over the
entire nanowire length L ' 2.5 µm. We do not average over
disorder configurations. a) E

so

= 50 µeV. b) E
so

= 200 µeV.
In the weak SOI regime, the disorder lowers or destroys the
gap from other sub-bands, bringing many supra-gap states
down close to the Fermi level, where they cluster in some cases
into a finite-extension ZBP, like in panel a). Such clustering
is, however, removed for stronger SOI [28], see panel b).

2) When realistic Anderson disorder is included in the
model, the closing of the gap becomes visible again even
in the µ ' 0 regime [17, 26, 28], re-introducing a discrep-
ancy with the experimental observations [1–3]. Disorder
in a weakly spin-orbit-coupled nanowire causes a number
of sub-gap states to appear, some of which cluster around
zero-energy and possibly give rise to a non-topological
ZBP, more markedly in the case of finite µ [28]. Such
states are coming from other sub-bands, for which the

3

Lx=1.0m 

FIG. 3. (Color online) Low energy BdG spectrum as function of
the Zeeman field for finite wires of different lengths. In the limit
L

x

! 1 a Majorana zero mode appears above a critical field
�
c

⇡ 0.1meV. In finite wires, the mode acquires a finite energy due
to the overlap of the states localized at ends of the wire. In very short
wires (e.g., L

x

= 0.2µm) the lowest energy state depends almost
linearly on the Zeeman field. States characterized by different values
of n

x

are coupled by the Rashba interaction and, consequently, the
dependence of their energy on � is nonlinear. The chemical potential
is µ = 18meV (bottom of the third band in Fig 1).

depend strongly on the Zeeman field, while high n
x

states are
weakly �-dependent.

The dependence of the quasiparticle spectrum on the ap-
plied magnetic field for several values of L

x

is shown in Fig.3.
The lowest energy mode (red lines) is characterized by dis-
crete zero-energy crossings that are robust against disorder,
which we checked explicitly. In spinless superconductors,
such isolated crossings are quite robust against perturbations
due to the particle-hole symmetry, as we argue below. Con-
sider k · p perturbation theory near a crossing point. The two
zero-energy solutions  0 and  1 are related by particle-hole
symmetry:  1 = ⌧

x

 

⇤
0. In order to open gap in the spectrum

near the crossing point, the off-diagonal matrix element has to
be non-zero: h 0|V | 1i 6= 0. Here V is a generic perturba-
tion that satisfies particle-hole symmetry

⌧
x

V ⌧
x

= �V T (3)

However, using particle-hole symmetry we have V01 =

h 0|V | 1i =

R
dx ⇤

0V 1 = �
R
dx ⇤

0⌧xV
T

 

⇤
0 =

�
R
dx 1V

T

 

⇤
0 = 0. Thus, particle-hole symmetry ensures

the robustness of isolated zero-energy crossings. Another way
of understanding the robustness of an isolated zero-energy
crossing invokes fermion parity - one can show that the two
zero-energy states  0 and  1 actually correspond to a dif-
ferent fermion parity [3]. However, the position of the zero-
energy crossing point is non-universal and changes with the

FIG. 4. (Color online) Profiles of the lowest-energy states in
nanowires of different lengths. The top panel shows a Majorana
bound state localized near the end of a long wire (L

x

� ⇠). In the
other panels the red (dark gray) lines correspond to � = 0.05meV
and the yellow (light gray) lines are for � = 0.18meV (see Fig. 3).
Increasing the Zeeman field mixes states with different values of n

x

and generates modes that tend to become localized near the end of
the wire. This mechanism is absent in very short wires (bottom panel,
(L

x

⌧ ⇠)) due to the wide energy separation between the quantized
levels (see Fig’ 2).

perturbation, since the diagonal matrix elements are non-zero
h 0|V | 0i = �h 1|V | 1i. In order to get rid of the zero-
energy crossings one has to bring another pair of zero-energy
states to the same point in the parameter space. Then, four
states would hybridize with each other since two of them will
now have the same fermion parity and eventually result in
the avoided level crossings. This is illustrated in Fig. 3 for
L
x

⇡ 0.4µm. In this case, small variations of the chemi-
cal potential will result in either two close zero-energy cross-
ings (�µ < 0), or an avoided crossing (�µ > 0). These
avoided level crossings would still, however, be near-zero-
energy states, and may produce ZBCP in experimental sys-
tems which invariably have finite energy resolutions.

In wires with L
x

� ⇠, the lowest-energy mode is sepa-
rated from the excited states by a certain gap (see Fig. 3).
In the limit L

x

! 1, this gap becomes finite for � > �

c

,
i.e., inside the topological SC phase, while the lowest energy
mode becomes the Majorana zero mode. The corresponding
states are localized near the ends of the wire and represent
superpositions of different n

x

modes that are coupled by the
spin-orbit coupling (see Fig. 4). Note that, for � < �

c

the
lowest energy state is delocalized. Remarkably, the tendency
towards the formation of these low-energy localized states
for appropriate magnetic fields is present even in relatively
short wires with L

x

⇡ ⇠ (see Fig. 4), which we interpret
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We report on transport measurements of an InAs nanowire coupled to niobium nitride leads at high

magnetic fields. We observe a zero-bias anomaly (ZBA) in the differential conductance of the nanowire

for certain ranges of magnetic field and chemical potential. The ZBA can oscillate in width with either the

magnetic field or chemical potential; it can even split and re-form. We discuss how our results relate to

recent predictions of hybridizing Majorana fermions in semiconducting nanowires, while considering

more mundane explanations.

DOI: 10.1103/PhysRevLett.110.126406 PACS numbers: 71.10.Pm, 73.63.Nm, 74.45.+c, 74.78.Na

Majorana fermions (MFs) are neutral particles that are
their own antiparticles. Although they were first proposed
to describe fundamental particles [1], recent years have
seen intense interest in realizing solid-state systems with
quasiparticles that behave like MFs [2,3]. There are several
candidates, including certain quantum Hall states [4] and
topological insulators coupled with superconductors [5].
Solid-stateMFs can be used to create a topological quantum
computer, in which the non-Abelian exchange statistics of
the MFs are used to process quantum information non-
locally, evading error-inducing local perturbations [6,7].

A promising candidate is a one-dimensional spinless
p-wave superconductor [8]. One can engineer this system
in a semiconductor nanowire with strong spin-orbit cou-
pling [9,10], which separates the two electron helicities in
energy. Applying a Zeeman splitting perpendicular to the
spin-orbit coupling can create an energy range where only
one helicity is present, effectively generating a spinless
system. If superconductivity is induced by an s-wave
superconductor, Pauli exclusion will require the nanowire
to acquire p-wave pairing symmetry. This proposal is
attractive because supercurrents have already been
observed in InAs nanowires [11,12]. A nanowire with a
single occupied subband goes from the spinful to the
spinless regime when E2

Z>!2þ!2, where EZ ¼ 1
2g!BB

is the Zeeman energy, ! is the chemical potential defined
relative to the bottom of the subband, and ! is the induced
superconducting pairing. When passing between these two
regimes, the nanowire undergoes a topological phase tran-
sition in which the single-particle gap collapses and
changes sign. If a nanowire has a spinless (i.e., topological)
segment in between two spinful (i.e., trivial) segments,
then the nanowire will harbor a single pair of MFs that
exist as zero energy modes pinned to the boundaries sep-
arating the topologically distinct regions. Although
disorder [13–15], Coulomb interactions [16], and mul-
tiple subbands [17–19] might quantitatively change the

conditions for MFs, the qualitative picture should remain:
for certain ranges of parameters the nanowire will be in the
topological regime and contain a pair of MFs.
A key probe for MFs is tunneling spectroscopy [20–24].

The MF would manifest as a conductance peak at zero
voltage. The MFs can only interact with other MFs, so the
peak would stay at zero so long as the MFs are spatially
separated from each other. Indeed, numerous groups
[25–28] have reported zero-bias anomalies (ZBAs) in
devices inspired by the theoretical proposals. However, a
ZBA might also occur under similar conditions due to a
Kondo resonance that manifests when the magnetic field
has suppressed the superconducting gap enough to permit
the screening of a localized spin [29]. Thus, it is necessary
to seek more definitive signatures of MFs.
One possibility is to look for signs that the MFs are

hybridizing with each other [30–35]. Because the wave
functions of MFs decay exponentially within the interior of
the topological nanowire, MFs at the ends of a finite nano-
wire will overlap with each other and hybridize. The
hybridization magnitude can be tuned by the Zeeman
energy or chemical potential, which control the decay
length of the MF wave function and the period of its
oscillatory component. The ZBA would then split and re-
form in a periodic fashion, in contrast with the linear
splitting expected for the Kondo effect.
In this Letter, we report on the behavior of ZBAs in an

InAs nanowire coupled to superconducting leads. We focus
on the regime of large magnetic fields to suppress extra-
neous effects, including Josephson supercurrents, Kondo
resonances [36,37], and reflectionless tunneling [38]. We
find that the ZBAs are robust against changes in Zeeman
energy and chemical potential. Under certain conditions,
the width of the ZBA oscillates with either parameter. The
ZBA can even split and re-form. We argue that this is
consistent both with MFs as well as a Kondo effect peri-
odically generated by resonant levels.
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Metal-organic chemical vapor deposition growth of
InAs nanowires with 100 nm diameters was performed
using the Au-assisted vapor-liquid-solid approach [39].
TEM analysis reveals a nearly purely hexagonal (wurtzite)
crystal structure, with only a few stacking faults near the
nanowire tips. The nanowires are then deposited on a Si
substrate with a 300 nm thick SiO2 dielectric, permitting
back gating. Superconducting leads are defined by conven-
tional e-beam lithography. The leads overlapping the nano-
wire are each 1 !m wide and separated by 150 nm. We
sputter 55 nm of niobium nitride via a dc sputter gun and a
Nb target in an Ar environment with a partial pressure of
N2. Immediately prior to sputtering, the contact regions are
briefly exposed to an Ar ion mill to remove the native oxide
and permit transparent contacts [40]. We note that ion
milling can raise the carrier density within the contact
region with respect to the unetched InAs nanowire [41].
The NbN thin film has a critical temperature of 12 K and an
upper critical field of 9 T at 10 K. The sample is lowered
into the mixing chamber of a top-loading dilution refrig-
erator. Immersion in the dilute phase of the mixture pro-
vides an excellent thermal sink as evidenced by the
continuing evolution of the transport measurements below
50 mK. The I-V characteristics of the superconductor-
nanowire-superconductor junction are measured via stan-
dard lock-in techniques, employing a 10 !V ac excitation
at 73 Hz. Unless otherwise stated, all reported data were
taken at a mixing chamber temperature of 10 mK. To
induce Zeeman splitting, we apply a magnetic field per-
pendicular to the Si substrate.

To demonstrate that a superconducting proximity effect
is induced in the nanowire, we first consider transport
through the nanowire at zero magnetic field. We focus on
the density range where we observe a rough plateau in the
high bias conductance of approximately e2=h, suggesting
that there is one occupied subband with a transparency
of 0.5. Representative conductance curves are shown in
Fig. 1(b). We observe an enhancement of the differential
conductance for source-drain voltage jVSDj< 4 mV by a
factor of approximately 2 beyond the high bias conduc-
tance. Our NbN films have a gap of !0 ! 2 meV, suggest-
ing that we are observing Andreev reflection at the
transparent nanowire-superconductor interface for jVSDj<
2!0 [42], with an additional voltage drop across the bare
portion of the nanowire.

For moderate density, the conductance near VSD ¼ 0
fluctuates between having either a valley or peak with
periodicity of !VBG ! 0:6 V. This behavior is likely
caused by resonant levels within the bare nanowire seg-
ment passing through zero energy and allowing transport
between the proximitized nanowire segments [43]. This is
verified by a checkerboard pattern in the stability diagram
that becomes more apparent beyond VBG ¼ 12 V [44–46].
These resonances arise when reflections at the interface
between the bare nanowire segment and the NbN-covered

segments induce constructive interference, corresponding
to the condition 2kFL ¼ 2"n, where kF is the Fermi
wavelength, L ¼ 150 nm is the length of the bare segment,
and n is an integer. This is equivalent to the condition ! ¼
ð@2"2n2Þ=ð2m%L2Þ, where m% ¼ 0:023me is the electron
effective mass. For small n, one expects the resonances
to be separated in energy by !! ! ð@2"2n2Þ=ð2m%L2Þ !
0:7 meV. The slopes of the stability diagram features
suggest the relationship !! ¼ 10&3!VBG, leading to a
predicted back gate periodicity of 0.7 V. Coupling to the
leads can broaden these resonances in terms of energy.
Because the edge of the valleys consistently attains a

maximum value of jVSDj ¼ 600 !V despite changes in the
structure of the resonant levels, we identify this energy as
twice the induced gap, 2! [47]. Coherence peaks can also
be discerned at this voltage for certain ranges of VBG,
demonstrated by the blue trace in Fig. 1(b). When the
transmission probability through the bare nanowire seg-
ment is low, we observe suppressed conductance for ener-
gies below the induced gap of the adjacent segments.
Otherwise, we observe Andreev reflection in this energy
range. However, we note that this energy might instead
correspond to the separation of the resonant levels.
As demonstrated in Figs. 1(b) and 1(c), at zero magnetic

field we see no true supercurrent but we do observe a
number of sharp peaks at zero bias. As VBG changes, the
peaks split and become sharp dips, suggesting a complex
interplay between superconductivity and the Kondo effect
[29,48–53]. At VBG ¼ 10:9 V, a zero-bias peak is visible,
which disappears without signs of splitting beyond a mag-
netic field of B ¼ 0:4 T, comparable to the estimated

FIG. 1 (color online). (a) SEM image of NbN leads on InAs
nanowire (NW). The white feature at the edges of the NbN leads
is PMMA residue from the ion milling. (b) Transport at B ¼ 0
for VBG ¼ 10:1 V (black), 10.9 V (red, light grey ), and 11.75 V
(blue, dark grey). (c) Stability diagram at B ¼ 0 for region of
interest.
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MFs. However, a careful inspection of Fig. 4(a) reveals
multiple bands that cross at zero energy where the ZBA
occurs. The separation in the back gate bias for this pattern
is !VBG ¼ 0:4 V, comparable to the periodicity observed
at B ¼ 0. We posit that this pattern comes from the reso-
nant levels in the nanowire. By crossing at zero energy,
these broadened resonances provide the necessary degen-
eracy to create a persistent ZBA through the Kondo effect.
Indeed, the temperature dependence of the ZBA height in
this regime resembles a Kondo effect with a Kondo tem-
perature TK " 970 mK [37,59], as shown in Fig. 5. The
resonant levels also evolvewith the magnetic field; thus the
periodic crossing of these levels would explain the modu-
lation of the ZBA in Fig. 2(b).

However, we also see ZBA modulations with frequen-
cies that do not fit a simple picture of regularly crossing
resonant levels. For example, in Fig. 4(b) we show a ZBA
that repeatedly splits and re-forms in the range of VBG ¼
10 V to 10.7 V, with a period of !VBG " 0:175 V. The
observed periodicity of !! ¼ 175 ! eV is consistent with
the predicted MF hybridization period from Ref. [35]. If
the ZBAs are caused by the Kondo effect, then this modu-
lation might reflect a RKKY interaction among multiple
localized electrons [60].

In conclusion, we observe numerous ZBAs in a
nanowire-superconductor device at high magnetic fields.
Their periodic splitting and reforming are consistent with
hybridizing MFs. However, we also find evidence that the
ZBAs result from confined states crossing zero energy and
generating a Kondo resonance.
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FIG. 4 (color online). Stability diagram at (a) B ¼ 2:3 T and
(b) B ¼ 3:2 T. In (a), dashed white lines show the location of
resonant levels. In (b), dashed white lines delineate individual
periods of ZBA oscillations. (c) Individual traces for B ¼ 3:2 T
in steps of !VBG ¼ 0:025, with adjacent curves offset for clarity.

FIG. 5 (color online). (a) ZBA temperature dependence at B ¼
2:75 T and VBG ¼ 10:35 V. (b) Peak height (black) and FWHM
(red) vs T, after subtracting off background. Black dashed line
is parabolic fit based on Ref. [37] with TK ¼ 970 mK.
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We report on transport measurements of an InAs nanowire coupled to niobium nitride leads at high

magnetic fields. We observe a zero-bias anomaly (ZBA) in the differential conductance of the nanowire

for certain ranges of magnetic field and chemical potential. The ZBA can oscillate in width with either the

magnetic field or chemical potential; it can even split and re-form. We discuss how our results relate to

recent predictions of hybridizing Majorana fermions in semiconducting nanowires, while considering

more mundane explanations.
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Majorana fermions (MFs) are neutral particles that are
their own antiparticles. Although they were first proposed
to describe fundamental particles [1], recent years have
seen intense interest in realizing solid-state systems with
quasiparticles that behave like MFs [2,3]. There are several
candidates, including certain quantum Hall states [4] and
topological insulators coupled with superconductors [5].
Solid-stateMFs can be used to create a topological quantum
computer, in which the non-Abelian exchange statistics of
the MFs are used to process quantum information non-
locally, evading error-inducing local perturbations [6,7].

A promising candidate is a one-dimensional spinless
p-wave superconductor [8]. One can engineer this system
in a semiconductor nanowire with strong spin-orbit cou-
pling [9,10], which separates the two electron helicities in
energy. Applying a Zeeman splitting perpendicular to the
spin-orbit coupling can create an energy range where only
one helicity is present, effectively generating a spinless
system. If superconductivity is induced by an s-wave
superconductor, Pauli exclusion will require the nanowire
to acquire p-wave pairing symmetry. This proposal is
attractive because supercurrents have already been
observed in InAs nanowires [11,12]. A nanowire with a
single occupied subband goes from the spinful to the
spinless regime when E2

Z>!2þ!2, where EZ ¼ 1
2g!BB

is the Zeeman energy, ! is the chemical potential defined
relative to the bottom of the subband, and ! is the induced
superconducting pairing. When passing between these two
regimes, the nanowire undergoes a topological phase tran-
sition in which the single-particle gap collapses and
changes sign. If a nanowire has a spinless (i.e., topological)
segment in between two spinful (i.e., trivial) segments,
then the nanowire will harbor a single pair of MFs that
exist as zero energy modes pinned to the boundaries sep-
arating the topologically distinct regions. Although
disorder [13–15], Coulomb interactions [16], and mul-
tiple subbands [17–19] might quantitatively change the

conditions for MFs, the qualitative picture should remain:
for certain ranges of parameters the nanowire will be in the
topological regime and contain a pair of MFs.
A key probe for MFs is tunneling spectroscopy [20–24].

The MF would manifest as a conductance peak at zero
voltage. The MFs can only interact with other MFs, so the
peak would stay at zero so long as the MFs are spatially
separated from each other. Indeed, numerous groups
[25–28] have reported zero-bias anomalies (ZBAs) in
devices inspired by the theoretical proposals. However, a
ZBA might also occur under similar conditions due to a
Kondo resonance that manifests when the magnetic field
has suppressed the superconducting gap enough to permit
the screening of a localized spin [29]. Thus, it is necessary
to seek more definitive signatures of MFs.
One possibility is to look for signs that the MFs are

hybridizing with each other [30–35]. Because the wave
functions of MFs decay exponentially within the interior of
the topological nanowire, MFs at the ends of a finite nano-
wire will overlap with each other and hybridize. The
hybridization magnitude can be tuned by the Zeeman
energy or chemical potential, which control the decay
length of the MF wave function and the period of its
oscillatory component. The ZBA would then split and re-
form in a periodic fashion, in contrast with the linear
splitting expected for the Kondo effect.
In this Letter, we report on the behavior of ZBAs in an

InAs nanowire coupled to superconducting leads. We focus
on the regime of large magnetic fields to suppress extra-
neous effects, including Josephson supercurrents, Kondo
resonances [36,37], and reflectionless tunneling [38]. We
find that the ZBAs are robust against changes in Zeeman
energy and chemical potential. Under certain conditions,
the width of the ZBA oscillates with either parameter. The
ZBA can even split and re-form. We argue that this is
consistent both with MFs as well as a Kondo effect peri-
odically generated by resonant levels.
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Metal-organic chemical vapor deposition growth of
InAs nanowires with 100 nm diameters was performed
using the Au-assisted vapor-liquid-solid approach [39].
TEM analysis reveals a nearly purely hexagonal (wurtzite)
crystal structure, with only a few stacking faults near the
nanowire tips. The nanowires are then deposited on a Si
substrate with a 300 nm thick SiO2 dielectric, permitting
back gating. Superconducting leads are defined by conven-
tional e-beam lithography. The leads overlapping the nano-
wire are each 1 !m wide and separated by 150 nm. We
sputter 55 nm of niobium nitride via a dc sputter gun and a
Nb target in an Ar environment with a partial pressure of
N2. Immediately prior to sputtering, the contact regions are
briefly exposed to an Ar ion mill to remove the native oxide
and permit transparent contacts [40]. We note that ion
milling can raise the carrier density within the contact
region with respect to the unetched InAs nanowire [41].
The NbN thin film has a critical temperature of 12 K and an
upper critical field of 9 T at 10 K. The sample is lowered
into the mixing chamber of a top-loading dilution refrig-
erator. Immersion in the dilute phase of the mixture pro-
vides an excellent thermal sink as evidenced by the
continuing evolution of the transport measurements below
50 mK. The I-V characteristics of the superconductor-
nanowire-superconductor junction are measured via stan-
dard lock-in techniques, employing a 10 !V ac excitation
at 73 Hz. Unless otherwise stated, all reported data were
taken at a mixing chamber temperature of 10 mK. To
induce Zeeman splitting, we apply a magnetic field per-
pendicular to the Si substrate.

To demonstrate that a superconducting proximity effect
is induced in the nanowire, we first consider transport
through the nanowire at zero magnetic field. We focus on
the density range where we observe a rough plateau in the
high bias conductance of approximately e2=h, suggesting
that there is one occupied subband with a transparency
of 0.5. Representative conductance curves are shown in
Fig. 1(b). We observe an enhancement of the differential
conductance for source-drain voltage jVSDj< 4 mV by a
factor of approximately 2 beyond the high bias conduc-
tance. Our NbN films have a gap of !0 ! 2 meV, suggest-
ing that we are observing Andreev reflection at the
transparent nanowire-superconductor interface for jVSDj<
2!0 [42], with an additional voltage drop across the bare
portion of the nanowire.

For moderate density, the conductance near VSD ¼ 0
fluctuates between having either a valley or peak with
periodicity of !VBG ! 0:6 V. This behavior is likely
caused by resonant levels within the bare nanowire seg-
ment passing through zero energy and allowing transport
between the proximitized nanowire segments [43]. This is
verified by a checkerboard pattern in the stability diagram
that becomes more apparent beyond VBG ¼ 12 V [44–46].
These resonances arise when reflections at the interface
between the bare nanowire segment and the NbN-covered

segments induce constructive interference, corresponding
to the condition 2kFL ¼ 2"n, where kF is the Fermi
wavelength, L ¼ 150 nm is the length of the bare segment,
and n is an integer. This is equivalent to the condition ! ¼
ð@2"2n2Þ=ð2m%L2Þ, where m% ¼ 0:023me is the electron
effective mass. For small n, one expects the resonances
to be separated in energy by !! ! ð@2"2n2Þ=ð2m%L2Þ !
0:7 meV. The slopes of the stability diagram features
suggest the relationship !! ¼ 10&3!VBG, leading to a
predicted back gate periodicity of 0.7 V. Coupling to the
leads can broaden these resonances in terms of energy.
Because the edge of the valleys consistently attains a

maximum value of jVSDj ¼ 600 !V despite changes in the
structure of the resonant levels, we identify this energy as
twice the induced gap, 2! [47]. Coherence peaks can also
be discerned at this voltage for certain ranges of VBG,
demonstrated by the blue trace in Fig. 1(b). When the
transmission probability through the bare nanowire seg-
ment is low, we observe suppressed conductance for ener-
gies below the induced gap of the adjacent segments.
Otherwise, we observe Andreev reflection in this energy
range. However, we note that this energy might instead
correspond to the separation of the resonant levels.
As demonstrated in Figs. 1(b) and 1(c), at zero magnetic

field we see no true supercurrent but we do observe a
number of sharp peaks at zero bias. As VBG changes, the
peaks split and become sharp dips, suggesting a complex
interplay between superconductivity and the Kondo effect
[29,48–53]. At VBG ¼ 10:9 V, a zero-bias peak is visible,
which disappears without signs of splitting beyond a mag-
netic field of B ¼ 0:4 T, comparable to the estimated

FIG. 1 (color online). (a) SEM image of NbN leads on InAs
nanowire (NW). The white feature at the edges of the NbN leads
is PMMA residue from the ion milling. (b) Transport at B ¼ 0
for VBG ¼ 10:1 V (black), 10.9 V (red, light grey ), and 11.75 V
(blue, dark grey). (c) Stability diagram at B ¼ 0 for region of
interest.
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0.14 T required to have one magnetic flux quantum through
the bare nanowire segment. This suggests that the peak
results from phase-coherent transport that is broadened by
fluctuations. The peak’s critical field is consistent with
other Josephson junctions based on semiconducting nano-
wires with similar dimensions and niobium leads [12,54].
Thus, we assert that supercurrent through the nanowire is
highly suppressed for B> 0:4 T.

We now consider transport at high magnetic fields. In
Fig. 2 we show color plots of dI=dV vs VSD and B at two
different densities. For VBG ¼ 10:9 V, one can observe the
zero-bias peak at B ¼ 0 disappear quickly. Note that the
enhancement of conductance for VSD < 2!0 is still present
up to B ¼ 3:2 T, verifying the persistence of the proximity
effect. However, there is no evidence of a ZBA at this
density beyond B ¼ 0:4 T.

The situation is dramatically different for VBG¼10:1V.
Here, the proximity gap seems to close at B " 0:8 T.
Exceeding this field, the gap first reopens and then gradu-
ally closes again. Beyond B ¼ 0:8 T, a number of ZBAs
are visible. We repeated the measurement in higher reso-
lution to see the detailed evolution of the ZBA, shown in
Fig. 3. The ZBA persists for a range of the magnetic field,
generally remaining as a single peak at zero energy for
several hundred millitesla before splitting. The ZBA peri-
odically splits and re-forms, with a characteristic interval
of !B " 0:6 T. A slight disagreement on the location of
the ZBA between Figs. 2(c) and 3 is likely due to charge
noise.

At this point it is tempting to attribute the ZBA to the
presence of MFs. In this picture, the magnetic field drives
portions of the nanowire into the topological regime. The
critical field for this transition is a function of chemical

potential, thus explaining why no such ZBAs are present
at a higher density and why we observe the gap close at
lower field (B ¼ 0:6 T) at an even lower density (VBG ¼
9:35 V). The topological segments of the nanowire support
zero energy end modes. For example, the regions of the
nanowire in direct contact with the NbN leads could exist
in the topological regime while the bare nanowire segment,
possessing a weaker induced gap, remains trivial. The MFs
at the boundaries between the topological and nontopolog-
ical segments could then allow the passage of single
charges through the bare nanowire segment at zero energy.
Without the MFs, transport is suppressed near zero bias by
the superconducting gap, as demonstrated in Fig. 2(a).
In this interpretation, the periodic splitting of the ZBA

would be naturally explained by the hybridization of the
MFs. The Zeeman energy would tune the overlap of the
MF wave functions in a periodic fashion, leading to a
oscillatory splitting of the ZBA. For example, Ref. [35]
calculates the period of this splitting to be!EZ ¼ 0:2 meV
for a 1 !m long topological wire segment. Determining
the Zeeman energy for real devices is difficult due to
complications such as confinement [55] and spin-orbit
coupling, both of which can be tuned by external fields
[56–58]. Assuming a value of g ¼ 20 gives a measured
period of !EZ ¼ 0:35 meV, in rough agreement with
Ref. [35].
To further test the case for MFs, we explore the behavior

of the ZBA with respect to changes in chemical potential.
In Fig. 4(a), we show a stability plot at B ¼ 2:3 T. A ZBA
is visible for two different ranges of gate bias. The persis-
tence of the ZBAwith chemical potential is suggestive of a
stable set of MFs; their periodic appearance and disappear-
ance would then reflect the gate-tuned hybridization of the

FIG. 2 (color online). (a), (b) Conductance traces vs the mag-
netic field for two different densities. (c) Individual traces for
VBG ¼ 10:1 V, each trace differing by 0.1 T. Adjacent curves are
offset for clarity.

FIG. 3 (color online). (a), (b) Conductance traces at VBG ¼
10:1 V for various B values. In (b), the traces differ by
!B ¼ 0:05 T. Adjacent curves are offset for clarity.

PRL 110, 126406 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

22 MARCH 2013

126406-3



Anomalous Modulation of a Zero-Bias Peak in a Hybrid Nanowire-Superconductor Device

A.D.K. Finck,1 D. J. Van Harlingen,1 P. K. Mohseni,2 K. Jung,2 and X. Li2

1Department of Physics and Materials Research Laboratory, University of Illinois at Urbana-Champaign,
Urbana, Illinois 61801, USA

2Department of Electrical and Computer Engineering, Micro and Nanotechnology Laboratory,
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA

(Received 23 December 2012; published 21 March 2013)

We report on transport measurements of an InAs nanowire coupled to niobium nitride leads at high

magnetic fields. We observe a zero-bias anomaly (ZBA) in the differential conductance of the nanowire

for certain ranges of magnetic field and chemical potential. The ZBA can oscillate in width with either the

magnetic field or chemical potential; it can even split and re-form. We discuss how our results relate to

recent predictions of hybridizing Majorana fermions in semiconducting nanowires, while considering

more mundane explanations.

DOI: 10.1103/PhysRevLett.110.126406 PACS numbers: 71.10.Pm, 73.63.Nm, 74.45.+c, 74.78.Na

Majorana fermions (MFs) are neutral particles that are
their own antiparticles. Although they were first proposed
to describe fundamental particles [1], recent years have
seen intense interest in realizing solid-state systems with
quasiparticles that behave like MFs [2,3]. There are several
candidates, including certain quantum Hall states [4] and
topological insulators coupled with superconductors [5].
Solid-stateMFs can be used to create a topological quantum
computer, in which the non-Abelian exchange statistics of
the MFs are used to process quantum information non-
locally, evading error-inducing local perturbations [6,7].

A promising candidate is a one-dimensional spinless
p-wave superconductor [8]. One can engineer this system
in a semiconductor nanowire with strong spin-orbit cou-
pling [9,10], which separates the two electron helicities in
energy. Applying a Zeeman splitting perpendicular to the
spin-orbit coupling can create an energy range where only
one helicity is present, effectively generating a spinless
system. If superconductivity is induced by an s-wave
superconductor, Pauli exclusion will require the nanowire
to acquire p-wave pairing symmetry. This proposal is
attractive because supercurrents have already been
observed in InAs nanowires [11,12]. A nanowire with a
single occupied subband goes from the spinful to the
spinless regime when E2

Z>!2þ!2, where EZ ¼ 1
2g!BB

is the Zeeman energy, ! is the chemical potential defined
relative to the bottom of the subband, and ! is the induced
superconducting pairing. When passing between these two
regimes, the nanowire undergoes a topological phase tran-
sition in which the single-particle gap collapses and
changes sign. If a nanowire has a spinless (i.e., topological)
segment in between two spinful (i.e., trivial) segments,
then the nanowire will harbor a single pair of MFs that
exist as zero energy modes pinned to the boundaries sep-
arating the topologically distinct regions. Although
disorder [13–15], Coulomb interactions [16], and mul-
tiple subbands [17–19] might quantitatively change the

conditions for MFs, the qualitative picture should remain:
for certain ranges of parameters the nanowire will be in the
topological regime and contain a pair of MFs.
A key probe for MFs is tunneling spectroscopy [20–24].

The MF would manifest as a conductance peak at zero
voltage. The MFs can only interact with other MFs, so the
peak would stay at zero so long as the MFs are spatially
separated from each other. Indeed, numerous groups
[25–28] have reported zero-bias anomalies (ZBAs) in
devices inspired by the theoretical proposals. However, a
ZBA might also occur under similar conditions due to a
Kondo resonance that manifests when the magnetic field
has suppressed the superconducting gap enough to permit
the screening of a localized spin [29]. Thus, it is necessary
to seek more definitive signatures of MFs.
One possibility is to look for signs that the MFs are

hybridizing with each other [30–35]. Because the wave
functions of MFs decay exponentially within the interior of
the topological nanowire, MFs at the ends of a finite nano-
wire will overlap with each other and hybridize. The
hybridization magnitude can be tuned by the Zeeman
energy or chemical potential, which control the decay
length of the MF wave function and the period of its
oscillatory component. The ZBA would then split and re-
form in a periodic fashion, in contrast with the linear
splitting expected for the Kondo effect.
In this Letter, we report on the behavior of ZBAs in an

InAs nanowire coupled to superconducting leads. We focus
on the regime of large magnetic fields to suppress extra-
neous effects, including Josephson supercurrents, Kondo
resonances [36,37], and reflectionless tunneling [38]. We
find that the ZBAs are robust against changes in Zeeman
energy and chemical potential. Under certain conditions,
the width of the ZBA oscillates with either parameter. The
ZBA can even split and re-form. We argue that this is
consistent both with MFs as well as a Kondo effect peri-
odically generated by resonant levels.
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Metal-organic chemical vapor deposition growth of
InAs nanowires with 100 nm diameters was performed
using the Au-assisted vapor-liquid-solid approach [39].
TEM analysis reveals a nearly purely hexagonal (wurtzite)
crystal structure, with only a few stacking faults near the
nanowire tips. The nanowires are then deposited on a Si
substrate with a 300 nm thick SiO2 dielectric, permitting
back gating. Superconducting leads are defined by conven-
tional e-beam lithography. The leads overlapping the nano-
wire are each 1 !m wide and separated by 150 nm. We
sputter 55 nm of niobium nitride via a dc sputter gun and a
Nb target in an Ar environment with a partial pressure of
N2. Immediately prior to sputtering, the contact regions are
briefly exposed to an Ar ion mill to remove the native oxide
and permit transparent contacts [40]. We note that ion
milling can raise the carrier density within the contact
region with respect to the unetched InAs nanowire [41].
The NbN thin film has a critical temperature of 12 K and an
upper critical field of 9 T at 10 K. The sample is lowered
into the mixing chamber of a top-loading dilution refrig-
erator. Immersion in the dilute phase of the mixture pro-
vides an excellent thermal sink as evidenced by the
continuing evolution of the transport measurements below
50 mK. The I-V characteristics of the superconductor-
nanowire-superconductor junction are measured via stan-
dard lock-in techniques, employing a 10 !V ac excitation
at 73 Hz. Unless otherwise stated, all reported data were
taken at a mixing chamber temperature of 10 mK. To
induce Zeeman splitting, we apply a magnetic field per-
pendicular to the Si substrate.

To demonstrate that a superconducting proximity effect
is induced in the nanowire, we first consider transport
through the nanowire at zero magnetic field. We focus on
the density range where we observe a rough plateau in the
high bias conductance of approximately e2=h, suggesting
that there is one occupied subband with a transparency
of 0.5. Representative conductance curves are shown in
Fig. 1(b). We observe an enhancement of the differential
conductance for source-drain voltage jVSDj< 4 mV by a
factor of approximately 2 beyond the high bias conduc-
tance. Our NbN films have a gap of !0 ! 2 meV, suggest-
ing that we are observing Andreev reflection at the
transparent nanowire-superconductor interface for jVSDj<
2!0 [42], with an additional voltage drop across the bare
portion of the nanowire.

For moderate density, the conductance near VSD ¼ 0
fluctuates between having either a valley or peak with
periodicity of !VBG ! 0:6 V. This behavior is likely
caused by resonant levels within the bare nanowire seg-
ment passing through zero energy and allowing transport
between the proximitized nanowire segments [43]. This is
verified by a checkerboard pattern in the stability diagram
that becomes more apparent beyond VBG ¼ 12 V [44–46].
These resonances arise when reflections at the interface
between the bare nanowire segment and the NbN-covered

segments induce constructive interference, corresponding
to the condition 2kFL ¼ 2"n, where kF is the Fermi
wavelength, L ¼ 150 nm is the length of the bare segment,
and n is an integer. This is equivalent to the condition ! ¼
ð@2"2n2Þ=ð2m%L2Þ, where m% ¼ 0:023me is the electron
effective mass. For small n, one expects the resonances
to be separated in energy by !! ! ð@2"2n2Þ=ð2m%L2Þ !
0:7 meV. The slopes of the stability diagram features
suggest the relationship !! ¼ 10&3!VBG, leading to a
predicted back gate periodicity of 0.7 V. Coupling to the
leads can broaden these resonances in terms of energy.
Because the edge of the valleys consistently attains a

maximum value of jVSDj ¼ 600 !V despite changes in the
structure of the resonant levels, we identify this energy as
twice the induced gap, 2! [47]. Coherence peaks can also
be discerned at this voltage for certain ranges of VBG,
demonstrated by the blue trace in Fig. 1(b). When the
transmission probability through the bare nanowire seg-
ment is low, we observe suppressed conductance for ener-
gies below the induced gap of the adjacent segments.
Otherwise, we observe Andreev reflection in this energy
range. However, we note that this energy might instead
correspond to the separation of the resonant levels.
As demonstrated in Figs. 1(b) and 1(c), at zero magnetic

field we see no true supercurrent but we do observe a
number of sharp peaks at zero bias. As VBG changes, the
peaks split and become sharp dips, suggesting a complex
interplay between superconductivity and the Kondo effect
[29,48–53]. At VBG ¼ 10:9 V, a zero-bias peak is visible,
which disappears without signs of splitting beyond a mag-
netic field of B ¼ 0:4 T, comparable to the estimated

FIG. 1 (color online). (a) SEM image of NbN leads on InAs
nanowire (NW). The white feature at the edges of the NbN leads
is PMMA residue from the ion milling. (b) Transport at B ¼ 0
for VBG ¼ 10:1 V (black), 10.9 V (red, light grey ), and 11.75 V
(blue, dark grey). (c) Stability diagram at B ¼ 0 for region of
interest.
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Realistic transport modeling for a superconducting nanowire with Majorana fermions

Diego Rainis, Luka Trifunovic, Jelena Klinovaja, and Daniel Loss
Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland

(Dated: July 26, 2012)

Motivated by recent experiments searching for Majorana fermions (MFs) in hybrid
semiconducting-superconducting nanostructures and by subsequent theoretical interpretations, we
consider the so far most realistic model (including disorder) and analyze its transport behavior nu-
merically. In particular, we include in the model superconducting contacts used in the experiments
to extract the current. We show that important new features emerge that are absent in simpler
models, such as the enhanced visibility of the topological gap for increased spin-orbit interaction.
We find oscillations of the zero bias peak as function of magnetic field and explain their origin. Even
taking into account all the possible (known) ingredients of the experiments and exploring many pa-
rameter regimes for MFs, we are not able to reach a satisfactory agreement with the reported data.
Thus, a di↵erent physical origin for the observed zero-bias peak cannot be excluded.

PACS numbers: 74.45.+c, 73.63.Nm, 74.78.Na

The experimental search [1–3] of Majorana fermions
(MFs) predicted to occur in condensed matter sys-
tems [4–10] is very challenging due to the fact that these
exotic quasiparticles are characterized by zero e↵ective
coupling to electromagnetic fields. Only an indirect iden-
tification is possible via induced signatures. For instance,
the presence of a MF is expected to induce a zero-bias
conductance peak (ZBP) in a tunnel-spectroscopy trans-
port experiment [11, 12]. However, such features while
being easily observable, are not an unambiguous demon-
stration of MF physics. The same ZBPs can indeed be
induced by various di↵erent mechanisms, including the
Kondo e↵ect [13], Andreev bound states [14], weak an-
tilocalization and reflectionless tunneling [15]. Ruling out
these alternative scenarios has been made di�cult by the
fact that the measured conductance has a rather unex-
pected behavior, so that also the explanation in terms of
MFs is not entirely satisfactory.

A typical experimental setup [1–3] (see Fig. 1) con-
sists of a spin-orbit-coupled semiconducting nanowire de-
posited on or coated with a bulk s-wave superconductor
on one end and contacted through a tunnel barrier by a
normal lead, on the other end. Part of the nanowire it-
self is assumed to be in a superconducting state, induced
through proximity e↵ect by the bulk superconducting
lead.

The magnetic-field-induced transition to the topolog-
ical phase in the nanowire is accompanied by a closing
and reopening of the excitation gap [5–10]. The topo-
logical phase formally persists for all values of magnetic
field above a critical B

c

in a one-band model, while it
could have a finite upper critical field in a multi-band
model, where bands are crossing at large Zeeman split-
tings and hybridization of MFs can take place. How-
ever, in experiments one typically explores magnetic field
regimes where only one band undergoes a topological
transition [1–3]. Since the bulk superconductor always
remains in a non-topological state, the topological sec-

FIG. 1. The schematics of the NSS0 geometry setup we con-
sider in this work– (top panel). The sample under investiga-
tion is connected on the left to a semi-infinite normal lead (N,
orange) and on the right to a semi-infinite bulk s-wave super-
conducting lead (S, green). It consists of a normal nanowire
section (NW, gray), where a potential barrier U(x) (black) is
created, and a proximity-induced superconducting nanowire
section (SW, gray). We allow for static disorder w(x, y) (red
crosses) in the nanowire. The spatial dependence of all the pa-
rameters entering the Hamiltonian in Eq. (1) is qualitatively
depicted in the bottom panel.

tion has a finite length L
?

, and MFs localized at its ends
can overlap, depending on their localization length ⇠

M

.
Given that the latter depends also on the value of mag-
netic field, one expects to observe a ZBP that splits for
large enough B-fields.

The experiments conducted so far [1–3] reported fea-
tures which are partially consistent with the existence
of Majorana end-states in the nanowire, namely a (non-
quantized) ZBP when a magnetic field of su�cient
strength is applied along the nanowire. However, quan-
titative agreement with the theory is still missing, and in
particular the following points have to be clarified:

a) The most evident discrepancy between experiment
and theory is the absence of any experimental signa-
ture related to the closing of the excitation gap in the
nanowire. Recently, this fact has been ascribed to the
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e↵ective mini-gap gets reduced in the presence of disor-
der. This is substantiated by the fact that the ZBP in
Fig. 3a) has a conductance peak value larger than 2e2/h,
implying that it cannot come from the Andreev signal of
a single state. In the case of stronger SOI, the e↵ect of
disorder is partially suppressed, and less sub-gap states
(or no states at all) are observed (see Fig. 3), being more
compatible with experiments [1–3]. Thus, disorder is un-
likely to explain the observed ZBPs.
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FIG. 4. Same parameters as in previous figures, without dis-
order and at T = 0. (a) E

so

= 50 µeV. Note the oscillations of
the ZBP, for explanations see text. (b) E

so

= 200 µeV. With
large enough SOI strength the gap-closing becomes visible,
even for the considered case of µ ' 0, while it is not visible
in an NS setup with the same parameters. The dI/dV peaks
coming from the gap-closing have, however, very small width
and they get washed out by realistic temperatures.

3) As a consequence of finite-length of the topologi-
cal section (L

?

) and of the B-dependence of k
F

, we ob-
serve that the ZBP splitting exhibits oscillations as B is
swept, see Fig. 4a). To explain this, we recall that in
the weak-SOI limit the MF wave function has an expo-
nentially decaying envelope with localization length ⇠

M

and a fast-oscillating part ⇠ sin(k
F

x) [29]. If the mag-
netic field exceeds a critical value B⇤⇤

c

(see Fig. 5), the
two end-MFs overlap and split away from zero energy.
Since ⇠

M

increases with B [5–10, 29], so does the split-
ting. However, if k

F

L
?

becomes an integer multiple of
⇡ as function of B, the ZBP splitting returns to zero,
leading to oscillations with period given by

�(V
Z

/�
?

) =
⇡~

L
?

�
?

r
2V

Z

m
=

⇡a

L
?

p
tV

Z

�
?

, (2)

where m is the band mass and a the lattice constant. Us-
ing parameter values corresponding to Fig. 4, t/�

?

= 40,
L
?

/a = 200, we obtain quantitative agreement with the
simulated ZBP oscillations. Since the critical field B⇤⇤

c

increases with SOI [29], the ZBP splitting and related
oscillations occur at larger fields, see Fig. 4b). Note that
these oscillations are quite robust against temperature
e↵ects, see Fig. 2c). This behavior of the ZBP is quite
remarkable and provides an additional signature to iden-
tify MFs experimentally.

FIG. 5. Schematic dependence of the MF localization length
⇠

M

on magnetic field B. According to the theory for a one-
band semi-infinite nanowire [9, 10], a MF emerges when the

magnetic field exceeds a critical value B

c

= 2
p

�2

? + µ

2

/gµ

B

,
and the system goes from the non-topological (grey) to the
topological (yellow) regime. However, for a nanowire of finite
length L?, due to overlap of the MFs from each end, the
additional condition for the observation of a MF is ⇠

M

<

L?/2 . Considering typical dependences of ⇠
M

on magnetic
field [29], we predict that the MF should be observed for B⇤

c

<

B < B

⇤⇤
c

, where ⇠

M

(B⇤
c

) ⇡ ⇠

M

(B⇤⇤
c

) ⇡ L?/2 (cf. Fig. 4).

We note in passing that in the NSS0 setup the SOI
a↵ects the visibility of the gap-closing, see Fig. 4. This
is not the case for the NS setup.
Next we address further issues that have received less

attention in the literature so far.
4) The position of the proximity gap �

kF(B = 0) de-
duced from the dI/dV curves is in general di↵erent from
the nominal value �

?

inserted in the microscopic Hamil-
tonian, Eq. (1). This observation is important, since it
could mean that deducing the value of the proximity-
induced gap from the conductance spectra is not a cor-
rect procedure [1, 3]. Such an energy shift can be due to
the presence of a finite normal region between the tunnel
barrier and the e↵ective NS interface. In that case, the
observed peak occurs at a bias voltage lower than the
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FIG. 6. Role of the tunnel barrier U(x). The parameters are
chosen as in the previous figures. Here we kept T = 0 in
order to show the e↵ect of the barrier smoothness alone. a)
Gaussian tunnel barrier with width � = 1 nm. The Majorana-
induced ZBP is fully visible, with maximal weight dI/dV =
2e2/h at the largest magnetic fields. The closing of the gap
is, however, nearly absent. b) Same system, but with � = 50
nm, a value closer to the experimental situation. Gap-closing
and ZBP are completely absent.
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on one end and contacted through a tunnel barrier by a
normal lead, on the other end. Part of the nanowire it-
self is assumed to be in a superconducting state, induced
through proximity e↵ect by the bulk superconducting
lead.

The magnetic-field-induced transition to the topolog-
ical phase in the nanowire is accompanied by a closing
and reopening of the excitation gap [5–10]. The topo-
logical phase formally persists for all values of magnetic
field above a critical B

c

in a one-band model, while it
could have a finite upper critical field in a multi-band
model, where bands are crossing at large Zeeman split-
tings and hybridization of MFs can take place. How-
ever, in experiments one typically explores magnetic field
regimes where only one band undergoes a topological
transition [1–3]. Since the bulk superconductor always
remains in a non-topological state, the topological sec-

  

FIG. 1. The schematics of the NSS0 geometry setup we con-
sider in this work– (top panel). The sample under investiga-
tion is connected on the left to a semi-infinite normal lead (N,
orange) and on the right to a semi-infinite bulk s-wave super-
conducting lead (S, green). It consists of a normal nanowire
section (NW, gray), where a potential barrier U(x) (black) is
created, and a proximity-induced superconducting nanowire
section (SW, gray). We allow for static disorder w(x, y) (red
crosses) in the nanowire. The spatial dependence of all the pa-
rameters entering the Hamiltonian in Eq. (1) is qualitatively
depicted in the bottom panel.

tion has a finite length L
?

, and MFs localized at its ends
can overlap, depending on their localization length ⇠

M

.
Given that the latter depends also on the value of mag-
netic field, one expects to observe a ZBP that splits for
large enough B-fields.

The experiments conducted so far [1–3] reported fea-
tures which are partially consistent with the existence
of Majorana end-states in the nanowire, namely a (non-
quantized) ZBP when a magnetic field of su�cient
strength is applied along the nanowire. However, quan-
titative agreement with the theory is still missing, and in
particular the following points have to be clarified:

a) The most evident discrepancy between experiment
and theory is the absence of any experimental signa-
ture related to the closing of the excitation gap in the
nanowire. Recently, this fact has been ascribed to the
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e↵ective mini-gap gets reduced in the presence of disor-
der. This is substantiated by the fact that the ZBP in
Fig. 3a) has a conductance peak value larger than 2e2/h,
implying that it cannot come from the Andreev signal of
a single state. In the case of stronger SOI, the e↵ect of
disorder is partially suppressed, and less sub-gap states
(or no states at all) are observed (see Fig. 3), being more
compatible with experiments [1–3]. Thus, disorder is un-
likely to explain the observed ZBPs.
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FIG. 4. Same parameters as in previous figures, without dis-
order and at T = 0. (a) E

so

= 50 µeV. Note the oscillations of
the ZBP, for explanations see text. (b) E

so

= 200 µeV. With
large enough SOI strength the gap-closing becomes visible,
even for the considered case of µ ' 0, while it is not visible
in an NS setup with the same parameters. The dI/dV peaks
coming from the gap-closing have, however, very small width
and they get washed out by realistic temperatures.

3) As a consequence of finite-length of the topologi-
cal section (L

?

) and of the B-dependence of k
F

, we ob-
serve that the ZBP splitting exhibits oscillations as B is
swept, see Fig. 4a). To explain this, we recall that in
the weak-SOI limit the MF wave function has an expo-
nentially decaying envelope with localization length ⇠

M

and a fast-oscillating part ⇠ sin(k
F

x) [29]. If the mag-
netic field exceeds a critical value B⇤⇤

c

(see Fig. 5), the
two end-MFs overlap and split away from zero energy.
Since ⇠

M

increases with B [5–10, 29], so does the split-
ting. However, if k

F

L
?

becomes an integer multiple of
⇡ as function of B, the ZBP splitting returns to zero,
leading to oscillations with period given by

�(V
Z

/�
?

) =
⇡~

L
?

�
?

r
2V

Z

m
=

⇡a

L
?

p
tV

Z

�
?

, (2)

where m is the band mass and a the lattice constant. Us-
ing parameter values corresponding to Fig. 4, t/�

?

= 40,
L
?

/a = 200, we obtain quantitative agreement with the
simulated ZBP oscillations. Since the critical field B⇤⇤

c

increases with SOI [29], the ZBP splitting and related
oscillations occur at larger fields, see Fig. 4b). Note that
these oscillations are quite robust against temperature
e↵ects, see Fig. 2c). This behavior of the ZBP is quite
remarkable and provides an additional signature to iden-
tify MFs experimentally.

FIG. 5. Schematic dependence of the MF localization length
⇠

M

on magnetic field B. According to the theory for a one-
band semi-infinite nanowire [9, 10], a MF emerges when the

magnetic field exceeds a critical value B

c

= 2
p

�2

? + µ

2

/gµ

B

,
and the system goes from the non-topological (grey) to the
topological (yellow) regime. However, for a nanowire of finite
length L?, due to overlap of the MFs from each end, the
additional condition for the observation of a MF is ⇠

M

<

L?/2 . Considering typical dependences of ⇠
M

on magnetic
field [29], we predict that the MF should be observed for B⇤

c

<

B < B

⇤⇤
c

, where ⇠

M

(B⇤
c

) ⇡ ⇠

M

(B⇤⇤
c

) ⇡ L?/2 (cf. Fig. 4).

We note in passing that in the NSS0 setup the SOI
a↵ects the visibility of the gap-closing, see Fig. 4. This
is not the case for the NS setup.
Next we address further issues that have received less

attention in the literature so far.
4) The position of the proximity gap �

kF(B = 0) de-
duced from the dI/dV curves is in general di↵erent from
the nominal value �

?

inserted in the microscopic Hamil-
tonian, Eq. (1). This observation is important, since it
could mean that deducing the value of the proximity-
induced gap from the conductance spectra is not a cor-
rect procedure [1, 3]. Such an energy shift can be due to
the presence of a finite normal region between the tunnel
barrier and the e↵ective NS interface. In that case, the
observed peak occurs at a bias voltage lower than the
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FIG. 6. Role of the tunnel barrier U(x). The parameters are
chosen as in the previous figures. Here we kept T = 0 in
order to show the e↵ect of the barrier smoothness alone. a)
Gaussian tunnel barrier with width � = 1 nm. The Majorana-
induced ZBP is fully visible, with maximal weight dI/dV =
2e2/h at the largest magnetic fields. The closing of the gap
is, however, nearly absent. b) Same system, but with � = 50
nm, a value closer to the experimental situation. Gap-closing
and ZBP are completely absent.

peak spacing

peak index

B(n) ~ n2
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peaks splitting and rejoining without the appearance of
a third peak at zero bias around 2 T and between 4 and
5 T.

To emphasize the oscillatory nature of these features,
we show in Fig. 2(c) a cut of d2g/dV 2

sd at zero bias. The
concavity of the conductance is quasi-periodic, with a
period equal to the magnetic field at which the first zero-
bias peak appeared, By = 0.45 T. Gray vertical lines in
Fig. 2(c) are drawn at integer multiples of 0.45 T and ap-
proximately line up with the positions of local minima in
d

2
g/dV

2
sd, with two exceptions between 3 and 4 T. The

zero-bias peak positions, identified from the minima in
Fig. 2(c), increase linearly with magnetic field [Fig. 2(d)].
This quasi-periodicity is reflected in the Fourier trans-
form of d2g/dV 2

sd as a function of magnetic field at each
bias [Fig. 2(e)], The Fourier transforms indicate a pe-
riod of approximately 0.5 T, in addition to a large low
frequency component caused by the strongly convex re-
gion of g centered at By = 3 T. The Fourier amplitudes
are striped as a function of bias, with the ⇠0.5 T period
reappearing at ±50 µeV.

Oscillatory features also occurred in the zero-bias con-
ductance of device 2 as a function of Vg and By (Fig. 3).
Focusing on the gate voltage range between Vg = �0.5

-0.2

0

0.2

g  (e2/h)

  (
ar

b.
)

(a)

(c) (e)

-0.2

0

0.2

20 By  (T)

(b)

d2g/dV2
sd  (arb.)

+_

(g)

V
   

  (
m

V
)

sd
V

   
  (

m
V

)
sd

0.4(d)

pe
ak

 p
os

iti
on

  (
T)

(d)

1 2

31

20 By  (T) 31 4 5

FIG. 2: (a) g as a function of Vsd andBy (device 1, temperature 0.1
K). (b) Second derivative of g with respect to Vsd for the data in (a).
(c) Cut of d2g/dV 2

sd at Vsd = 0 for the data in (b). Gray vertical
lines are placed at integer multiples of the position of the first large
dip in d2g/dV 2

sd, By = 0.45 T. (d) Peak positions obtained from
minima in (d) versus peak index. The red (blue) dashed line has a
slope of 1 (1/2) in the log-log plot. (e) Squared Fourier amplitudes
of the data in (b), calculated row by row at each value of Vsd.
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FIG. 3: g as a function of Vg and By shown in colorscale (a) and
as o↵set line traces for Vg from -0.2 to -1.0 V (b). Data from device
2, temperature 0.5 K.

and 1 V, we observed several approximately parallel diag-
onal peaks in g with a negative slope in the Vg-By plane
[Fig. 3(a)]. These oscillations were found near pinch-o↵
of the QPC and were not seen for g > e

2
/h.

We examined in more detail the di↵erence between
single- and multi-mode transmission through the QPC
by scanning Vg over a larger range (Fig. 4). In addition
to the oscillations mentioned above, we observed near
pinch-o↵ an enhancement of g at zero-bias as By was in-
creased up to ⇠0.5 T [orange curve, Fig. 4(a) inset], and
at higher conductances we found a suppression of g with
increasing By [purple curve, Fig. 4(a) inset]. Qualita-
tively similar behavior occurred as a function of Bx and
Bz up to 1 T. The dependence of g on By is summarized
by averaging the g versus Vg from Fig. 4(a) traces over
three qualitatively distinct regions of By: -0.2 to 0.2 T
[blue curve in Fig. 4(b)], 0.5 to 2 T (red curve), and 2.5
to 5 T (black curve). The suppression of g with magnetic
field observed at higher transmission through the QPC
might originate from the elimination of the Andreev re-
flection contribution to g; however, the reduction in g

is at most 2e2/h and does not scale linearly with g, in
contrast to expectations for this mechanism [35]. Near
pinch-o↵ a transition from a superconducting to a normal
system might also result in a conductance enhancement
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We examined in more detail the di↵erence between
single- and multi-mode transmission through the QPC
by scanning Vg over a larger range (Fig. 4). In addition
to the oscillations mentioned above, we observed near
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might originate from the elimination of the Andreev re-
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g̃(B) in Fig. 2(b). Around 2 T and 4-5 T, the added vis-
ibility also reveals peaks splitting and rejoining without
the appearance of a third peak at zero bias. Line cuts
of g̃(B) at Vsd = 0 (black) and 0.07 mV (red) are anti-
correlated [Fig. 2(c)]: peaks at zero bias correspond to
dips at 0.07 mV and vice-versa, reflecting checkerboard
or criss-cross features in the B

y

-Vsd plane.
Figure 2(d) shows conductance concavity, d2g/dV 2

sd, at
zero bias as a function of field, highlighting local maxima
(negative concavity) and minima (positive concavity) of
g. The concavity appears roughly periodic, with a period
equal to the magnetic field at which the first zero-bias
peak appears, B

y

= 0.45 T. Vertical lines in Fig. 2(d)
at multiples of 0.45 T approximately line up with the
positions of concavity minima (conductance peaks), with
two exceptions between 3 and 4 T. Figure 2(e) shows that
the field values of conductance peaks, identified from con-
cavity minima [Fig. 2(d)], increase linearly with magnetic
field [Fig. 2(e)]. This periodicity is further reflected in the
Fourier transform of concavity as a function of magnetic
field at each bias [Fig. 2(f)], indicating a period ⇠ 0.5 T,
in addition to a large low-frequency component due to
the strongly convex region of g around B

y

= 3 T. As a
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FIG. 3: Zero-bias conductance, g, as a function of Vg and
By shown (a) in colorscale and (b) as o↵set line traces for Vg from
-0.2 to -1.0 V. Data from device 2, temperature 0.5 K.

function of bias, the Fourier amplitudes are striped, with
the ⇠0.5 T period reappearing at ±0.07 meV.

Oscillatory features were also evident in the zero-bias
conductance of device 2 as a function of V

g

and B
y

(Fig. 3). Focusing on the gate voltage range between
V

g

= �0.5 and �1 V, we observed several approximately
parallel diagonal peaks in g with a negative slope in the
B

y

-V
g

plane [Fig. 3(a)]. These oscillations were found
near pinch-o↵ of the QPC and were not seen for g > e2/h.

Looking over a broader range of gate voltages and fields
reveals that the field scale on which the first zero-bias
peak appears, B

y

⇠ 0.5 T, marks a crossover in conduc-
tance that follows opposite trends in the low conductance
(tunneling) and high conductance (multichannel) regimes
[Fig. 4(a)]. In the multichannel regime (g & 2e2/h), fields
above 0.5 T reduce conductance, while in the tunneling
regime, fields above 0.5 T increase conductance. These
opposite e↵ects of field are qualitatively consistent with
a field-driven crossover from a trivial to a topological
regime [35]. Qualitatively similar behavior occurred as
a function of B

x

and B
z

. The dependence of g on B
y

is summarized by averaging g versus V
g

from Fig. 4(a)
over three distinct regions of B

y

: �0.2 to 0.2 T [blue
curve in Fig. 4(b)], 0.5 to 2 T (red curve), and 2.5 to
5 T (black curve). Suppression of g with magnetic field
at higher transmission due to the suppression of Andreev
reflection would result in a field-induced suppression that
scales with g, which is not consistent with the data.

Superconductor-Nanowire Devices from Tunneling to the Multichannel Regime:
Zero-Bias Oscillations and Magnetoconductance Crossover
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We present transport measurements in superconductor-nanowire devices with a gated constriction
forming a quantum point contact. Zero-bias features in tunneling spectroscopy appear at finite
magnetic fields, and oscillate in amplitude and split away from zero bias as a function of magnetic
field and gate voltage. A crossover in magnetoconductance is observed: Magnetic fields above ⇠0.5 T
enhance conductance in the low-conductance (tunneling) regime but suppress conductance in the
high-conductance (multichannel) regime. We consider these results in the context of Majorana zero
modes as well as alternatives, including Kondo e↵ect and analogs of 0.7 structure in a disordered
nanowire.

Physical systems with Majorana quasiparticles—zero-
energy modes with non-Abelian exchange statistics—
represent a topological phase of matter that could form
the basis of topologically-protected quantum computa-
tion [1–3]. Pursuit of such systems has been advanced
by a range of proposals including ⌫ = 5/2 fractional
quatum Hall states [4], p-wave superconductors [5], cold
atom systems [6, 7], and hybrid systems of s-wave super-
conductors with either topological insulators [8] or semi-
conductors [9–11]. An attractive implementation calls for
coupling an s-wave superconductor to a one-dimensional
semiconductor nanowire with strong spin-orbit coupling.
In a magnetic field, tuning the chemical potential of the
nanowire so that the induced superconducting gap lies
well within the Zeeman splitting permits e↵ective p-wave
superconductivity supporting Majorana end-state zero
modes [12, 13].

Expected signatures of a topological phase in the
nanowire system include a zero-bias conductance peak
[14–16] and fractional Josephson e↵ect [9], both of which
have been reported as evidence of Majorana fermions [17–
20]. The peak is predicted to oscillate about zero energy
as a function of magnetic field and chemical potential [21–
23]. Features suggesting this e↵ect have been reported in
Ref. 24 and considered both in the context of Majorana
zero modes and the Kondo e↵ect. Given the interest
in realizing topological states of matter and non-Abelian
quasiparticle statistics, it is imperative to broaden the
range of experimental observations and to consider inter-
pretations in the context of Majorana modes as well as al-
ternatives such as the Kondo e↵ect [25–27], 0.7 structure
[28–31], weak anti-localization [32], and disorder-induced
level crossings [33, 34].

Here, we report transport measurements in
superconductor-nanowire devices configured as a
quantum point contact (QPC) over a broad range of

magnetic fields and conductances from the tunneling
regime to the multichannel regime. We deliberately
tuned the device to a regime without evidence of
dot-like charging features or even-odd structure (see
Supplementary Material). We observed zero-bias fea-
tures in tunneling spectroscopy above ⇠0.5 T that
oscillated in amplitude and bias position as a function of
magnetic field and gate voltage. We also observed that
the zero-bias conductance of the QPC was enhanced
by a magnetic field near pinch-o↵ and suppressed at
higher transmission, in qualitative agreement with the
trends described in Ref. 35 for the trivial-to-topological
crossover. These results are consistent with some
but not all predictions for Majorana zero modes, and
do not yet rule out alternative explanations such as
Kondo-enhanced conductance in confined structures or
zero-bias peaks in single-barrier structures analogous to
0.7 structure in QPCs.

InSb nanowires with diameter 100 nm [26, 36]
were contacted by a superconducting lead (1/150 nm
Ti/Nb0.7Ti0.3N) and one or two normal leads covering
the wire ends (5/125 nm Ti/Au). Data from two devices
are reported. Device 1 had normal leads on both ends,
and device 2 had one normal lead, as in Fig. 1(a). The
width of the superconducting lead was 300 nm for device
1 and 250 nm for device 2, and the length of nanowire be-
tween the superconducting and normal leads was 150 nm
for device 1 and 100 nm for device 2. The coupling to the
normal leads was tuned by local control of the electron
density in the nanowire using bottom-gates that were in-
sulated by 30 nm of HfO2 [37]. Some gates were under
the region of the nanowire covered by the superconduc-
tor, and some gates were under the uncovered region.
The samples were measured in a dilution refrigerator us-
ing standard lock-in techniques.

Control of the coupling between the superconducting
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FIG. 3: (Color online) Comparison between the energy split-
ting of the Majorana mode at constant chemical potential
(orange lines) and constant density (blue lines). The quasi–
periodicity of the oscillations at constant µ is absent in a wire
with fixed number of particles. The di↵erence is particularly
striking in the single–band case (top panels). Under the con-
stant density condition, small variations of the initial occu-
pancy result in qualitative changes of the dependence of �E
on VZ . In contrast, the constant chemical potential condition
is characterized by a generic oscillatory splitting.

the magnetic field.

The basis of our mechanism is that the Coulomb re-
pulsion among the carriers in the nanowire, even after
screening by the superconductor, renormalizes the elec-
trostatic potential profile in the nanowire as a result of
a self-consistent change in the density of electrons. Be-
cause of the repulsive sign of the Coulomb interaction,
this extra electrostatic potential will oppose any change
of the electron density that might result from variations
of the Zeeman potential V

Z

. Considering, for simplic-
ity, the extreme limit of strong Coulomb interaction, we
obtain the condition that the total number of electrons
in the wire mjust be fixed, i.e. the nanowire behaves
as a ’constant density’ rather than a ’constant chemi-
cal potential’ system. In the numerical calculations we
impose this condition by self–consistently adjusting the
chemical potential so that the total number of electrons
be the same as the particle number at the TQPT for a
nominal non–interacting chemical potential �µ0. The
results are shown in Fig. 3. The striking di↵erence be-
tween the dependence of the splitting on V

Z

at constant
chemical potential versus constant density is particularly
evident in the single–band case (top panels). To under-
stand the suppression of the oscillations in the constant
density case, we note that a single–band system in the
topological phase has one occupied spin-channel. Con-
sequently, the electron–density in this regime is tied to
the Fermi wave—vector k

F,eff

⇡ n. Since k
F,eff

dom-
inates the rapidly oscillating part of �E in Eq. 3, if µ
self-consistently adjusts to V

Z

in a way to keep k
F,eff

constant, then �E becomes slowly varying in V
Z

as well.

In the more realistic (and necessarily more complex)
multi–band case, the particle density is not tied to the
e↵ective Fermi wave—vector of the top band, so one

Zeeman field (meV) Zeeman field (meV) 

C
he

m
ic

al
 p

ot
en

tia
l (

m
eV

) 
C

he
m

ic
al

 p
ot

en
tia

l (
m

eV
) 

(Vz ,) 

(Vz ,) 

(Vz ,) 

(Vz ,) 

FIG. 4: (Color online) Left panels: MF splitting as a function
of chemical potential µ and Zeeman field VZ for single–band
system (top) and for a wire with n

top

= 3 (bottom). The
dark blue regions correspond to the minima of the energy
splitting. The parallel bands represent the source of the oscil-
latory splitting and a hallmark for Majorana physics. Right
panel: Density as a function of chemical potential µ and Zee-
man splitting VZ . Note that, in the single–band case, the con-
stant density contours are nearly parallel with the structures
in the left panel, which may results in a strongly suppressed
splitting or in a monotonic dependence of the splitting on VZ .

expects the oscillatory behavior to be partly restored.
Nonetheless, the quasi–periodicity of the oscillatory split-
ting is not a generic feature in a wire with constant par-
ticle density. Specific examples are shown in the lower
panels of Fig. 3 corresponding to a system with ntop = 3
(i.e., five occupied spin sub–bands). In systems with
more occupied bands, the dependence of the splitting
on V

z

approaches the quasi–periodic oscillatory behav-
ior characteristic of the constant chemical potential case.
To gain a deeper understanding of the manifestations of
the Majorana oscillatory splitting in di↵erent conditions,
we show in Fig. 4 (left panels) the dependence of �E
on both the Zeeman field V

Z

and the chemical potential
�µ, together with contour plots of the electron number as
function of the same variables (right panels). Examining
Fig. 4 we note that both the constant density contours
and the characteristic parallel structures characterizing
the MF splitting slope in a similar direction. Therefore,
the MF splitting as a function of the Zeeman field at con-
stant density will show far slower oscillations, than the
constant chemical potential situation. Moreover, a con-
stant density path may lie within either a low–splitting
or a high–splitting band for a significant range of Zeeman
fields, thus explaining the types of behavior illustrated in
Fig. 3.
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Splitting of the zero-bias conductance peak as smoking gun evidence for the existence of the
Majorana mode in a superconductor-semiconductor nanowire

S. Das Sarma,1 Jay D. Sau,2 and Tudor D. Stanescu3

1Condensed Matter Theory Center, Department of Physics, University of Maryland, College Park, Maryland 20742-4111, USA
2Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

3Department of Physics, West Virginia University, Morgantown, West Virginia 26506, USA
(Received 14 November 2012; published 21 December 2012)

Recent observations of a zero-bias conductance peak in tunneling transport measurements in superconductor-
semiconductor nanowire devices provide evidence for the predicted zero-energy Majorana modes, but not the
conclusive proof of their existence. We establish that direct observation of a splitting of the zero-bias conductance
peak can serve as the smoking gun evidence for the existence of the Majorana mode. We show that the splitting
has an oscillatory dependence on the Zeeman field (chemical potential) at fixed chemical potential (Zeeman field).
By contrast, when the density is constant rather than the chemical potential—the likely situation in the current
experimental setups—the splitting oscillations are generically suppressed. Our theory predicts the conditions
under which the splitting oscillations can serve as the smoking gun for the experimental confirmation of the
elusive Majorana mode.
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The recent experimental report1 providing direct observa-
tional evidence for the possible existence of the predicted2–5

zero-energy Majorana quasiparticle in superconductor-
semiconductor nanowire hybrid structures in the presence of
spin-orbit coupling and Zeeman splitting has greatly excited
the whole physics community.6–9 Yet, in spite of several
subsequent reports10–12 having validated the original data
of Ref. 1, this experiment has also raised many questions.
Most of these questions arise from a critical comparison
between the experimental data1 and the original theoretical
predictions,2–5 leading to the inevitable conclusion that there
are some significant discrepancies between experiment and
theory. For example, the key experimental observation is
the development of a robust subgap zero-bias conductance
peak (ZBCP) in the tunneling differential conductance of
the nanowire in the presence of an external magnetic field
applied along the wire, as predicted theoretically3 and as
expected for a Majorana zero-energy mode in a topological
superconductor.13,14 However, the actual magnitude of the
ZBCP (∼0.1e2/h) is more than an order of magnitude smaller
than the predicted ideal quantized value (2e2/h). In addition,
the Majorana-induced ZBCP should appear only beyond a
magnetic-field-driven topological quantum phase transition
(TQPT) characterized by the closing of the superconducting
(SC) gap, yet there is no apparent signature of gap closing in
the measured tunneling current. Although recent theoretical
works15–17 provide reasonable explanations for some of these
discrepancies, other recent papers emphasize that a ZBCP
could arise in the system in the absence of Majorana bound
states, due to more mundane mechanisms involving strong
disorder,18–20 smooth end confinement,21 or Kondo physics.22

Given this fluid and confusing nature of the subject
matter, with publications arguing in favor of or against the
Majorana interpretation of the experimental observation in
Ref. 1 appearing almost weekly, it is of paramount importance
to conceive of hallmark experimental signatures for the
Majorana quasiparticle. It was already emphasized in the
original theoretical predictions3,4 that the observation of a

ZBCP at finite magnetic field is only a necessary condition
for the existence of Majorana quasiparticles. The sufficient
condition to validate their existence must be some type of
interference measurement, such as the fractional Josephson
effect23,24 manifesting a 4π periodicity in an ac Josephson
measurement. While such a measurement, or the direct
observation of non-Abelian Majorana interference,25–27 will
certainly be necessary down the line to absolutely validate the
existence of localized non-Abelian Majorana modes, the high
level of complexity and difficulty of this type of measurements
make it unlikely that they will be successful in the near future.
Therefore, it is desirable that a simpler experimental smoking
gun for the Majorana, something with a difficulty level
comparable with the existing ZBCP experiments, be proposed
and carried out long before the rather challenging fractional
Josephson measurement and the interference experiments
could be performed. In the current work, we propose a smoking
gun Majorana measurement that not only could be carried
out right now, but in fact it is conceivable that the necessary
experimental data could already be hidden in the reported
ZBCP measurements.

Our key observations in this context are that (i) nanowire
Majorana modes always come in pairs23 localized at the
two ends of the wire, and (ii) the Majorana mode is a pure
zero-energy mode only when the wire is infinitely long. For
any realistic finite-length wire, the two end Majorana wave
functions overlap and the resulting hybridization leads to
a splitting of the zero mode.28 This hybridization-induced
energy splitting increases with either decreasing wire length or
increasing coherence length and is characterized by an oscilla-
tory behavior determined by the Fermi wave vector of the top
occupied band.28 This is in contrast to other sources of zero-
bias conductance peaks such as Kondo resonances22 where
the Zeeman splitting is expected to produce a monotonically
increasing splitting. Since both the effective SC coherence
length and the effective Fermi wave vector can be tuned by
varying the external magnetic field or the chemical potential
of the system, a direct observation of the oscillatory energy
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FIG. 3: (Color online) Comparison between the energy split-
ting of the Majorana mode at constant chemical potential
(orange lines) and constant density (blue lines). The quasi–
periodicity of the oscillations at constant µ is absent in a wire
with fixed number of particles. The di↵erence is particularly
striking in the single–band case (top panels). Under the con-
stant density condition, small variations of the initial occu-
pancy result in qualitative changes of the dependence of �E
on VZ . In contrast, the constant chemical potential condition
is characterized by a generic oscillatory splitting.

the magnetic field.

The basis of our mechanism is that the Coulomb re-
pulsion among the carriers in the nanowire, even after
screening by the superconductor, renormalizes the elec-
trostatic potential profile in the nanowire as a result of
a self-consistent change in the density of electrons. Be-
cause of the repulsive sign of the Coulomb interaction,
this extra electrostatic potential will oppose any change
of the electron density that might result from variations
of the Zeeman potential V

Z

. Considering, for simplic-
ity, the extreme limit of strong Coulomb interaction, we
obtain the condition that the total number of electrons
in the wire mjust be fixed, i.e. the nanowire behaves
as a ’constant density’ rather than a ’constant chemi-
cal potential’ system. In the numerical calculations we
impose this condition by self–consistently adjusting the
chemical potential so that the total number of electrons
be the same as the particle number at the TQPT for a
nominal non–interacting chemical potential �µ0. The
results are shown in Fig. 3. The striking di↵erence be-
tween the dependence of the splitting on V

Z

at constant
chemical potential versus constant density is particularly
evident in the single–band case (top panels). To under-
stand the suppression of the oscillations in the constant
density case, we note that a single–band system in the
topological phase has one occupied spin-channel. Con-
sequently, the electron–density in this regime is tied to
the Fermi wave—vector k

F,eff

⇡ n. Since k
F,eff

dom-
inates the rapidly oscillating part of �E in Eq. 3, if µ
self-consistently adjusts to V

Z

in a way to keep k
F,eff

constant, then �E becomes slowly varying in V
Z

as well.

In the more realistic (and necessarily more complex)
multi–band case, the particle density is not tied to the
e↵ective Fermi wave—vector of the top band, so one
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FIG. 4: (Color online) Left panels: MF splitting as a function
of chemical potential µ and Zeeman field VZ for single–band
system (top) and for a wire with n

top

= 3 (bottom). The
dark blue regions correspond to the minima of the energy
splitting. The parallel bands represent the source of the oscil-
latory splitting and a hallmark for Majorana physics. Right
panel: Density as a function of chemical potential µ and Zee-
man splitting VZ . Note that, in the single–band case, the con-
stant density contours are nearly parallel with the structures
in the left panel, which may results in a strongly suppressed
splitting or in a monotonic dependence of the splitting on VZ .

expects the oscillatory behavior to be partly restored.
Nonetheless, the quasi–periodicity of the oscillatory split-
ting is not a generic feature in a wire with constant par-
ticle density. Specific examples are shown in the lower
panels of Fig. 3 corresponding to a system with ntop = 3
(i.e., five occupied spin sub–bands). In systems with
more occupied bands, the dependence of the splitting
on V

z

approaches the quasi–periodic oscillatory behav-
ior characteristic of the constant chemical potential case.
To gain a deeper understanding of the manifestations of
the Majorana oscillatory splitting in di↵erent conditions,
we show in Fig. 4 (left panels) the dependence of �E
on both the Zeeman field V

Z

and the chemical potential
�µ, together with contour plots of the electron number as
function of the same variables (right panels). Examining
Fig. 4 we note that both the constant density contours
and the characteristic parallel structures characterizing
the MF splitting slope in a similar direction. Therefore,
the MF splitting as a function of the Zeeman field at con-
stant density will show far slower oscillations, than the
constant chemical potential situation. Moreover, a con-
stant density path may lie within either a low–splitting
or a high–splitting band for a significant range of Zeeman
fields, thus explaining the types of behavior illustrated in
Fig. 3.
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Figure 1. Solid curves: conductance of a ballistic normal-metal–superconductor
(NS) junction, with the superconductor in a topologically trivial phase (blue
curve, 1 = 8 Eso) or nontrivial phase (red curve, 1 = 4 Eso). The black dashed
curve is for an entirely normal system (1 = 0). The data are obtained from the
model Hamiltonian [14, 15] of a semiconducting wire on a superconducting
substrate in a parallel magnetic field (Zeeman energy EZ = 6 Eso), for the
ballistic point contact geometry shown in the inset (not to scale, d = 2.5 lso,
W = lso). By varying the potential VQPC at constant Fermi energy EF = 120 Eso,
the point contact width w is varied between 0 and W . The dotted horizontal
lines indicate the shift from integer to half-integer conductance plateaux upon
transition from the topologically trivial to nontrivial phase.

The factor of two accounts for the fact that charge is added to the superconductor as Cooper pairs
of charge 2e. (The spin degree of freedom is included in the sum over n.) The superconductor
can be in a topologically trivial (Q = 1) or nontrivial (Q = �1) phase, depending on the relative
magnitude of EZ, 1 and the spin–orbit coupling energy Eso = h̄2/meffl2

so. The blue and red
solid curves show these two cases, where the topological quantum number Q = sign Det r was
obtained in an independent calculation from the determinant of the reflection matrix [16]–[18].
As we see from figure 1, the conductance shows plateaux at values G p, p = 0, 1, 2, . . .,
given by

G p = 4e2

h
⇥

(
p, if Q = 1,

p + 1/2, if Q = �1.
(2)

The sequence of conductance plateaux in the topologically trivial and nontrivial phases can
be understood from basic symmetry requirements. As discovered by Béri [13], particle–hole
symmetry requires that the Rns at the Fermi level are either twofold degenerate or equal to 0
or 1. (See appendix B for a derivation.) A nondegenerate unit Andreev reflection eigenvalue
is therefore pinned to exactly this value and contributes a quantized amount of 2e2/h to
the conductance. This is the signature of the topological superconductor that persists even
after the Majorana bound state has merged with the continuum of states in the normal metal
contact.

New Journal of Physics 13 (2011) 053016 (http://www.njp.org/)

Wimmer et al. New J. Phys. (2011)
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The soft superconducting gap in semiconductor Majorana nanowires
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We theoretically consider the ubiquitous soft gap measured in the tunneling conductance of semiconductor-
superconductor hybrid structures, in which recently observed signatures of elusive Majorana bound states have
created much excitement. We systematically study the e↵ects of magnetic and non-magnetic disorder, temper-
ature, dissipative Cooper pair breaking, and interface inhomogeneity, which could lead to a soft gap. We find
that interface inhomogeneity with moderate dissipation is the only viable mechanism that is consistent with the
experimental observations. Our work indicates that improving the quality of the superconductor-semiconductor
interface should result in a harder induced gap.

PACS numbers: 73.63.Nm, 74.45.+c, 74.81.-g, 03.65.Vf

Introduction. The pursuit of exotic topological phases of
matter has become an exciting topic of research in physics [1].
In particular, topological superconductors (SCs) supporting
zero-energy Majorana bound states (MBS) [2–13] have re-
ceived increasing attention both for its intrinsic interest and
for its potential uses in topological quantum computation [2,
14–16]. In recent proposals to realize topological SCs in solid
state systems, an e↵ective p-wave SC is induced in a semicon-
ductor by the combined e↵ects of spin-orbit coupling (SOC),
Zeeman splitting of the energy bands and proximity induced
s-wave SC [8, 17, 18]. For a semiconductor nanowire (NW),
it was predicted that the presence of MBS at its ends could
be experimentally detected in the di↵erential tunneling con-
ductance G(V) at the interface with a normal contact, via the
emergence of a zero-bias peak (ZBP) of height 2e2/h (at zero
temperature) [19–23]. The NW proposal has inspired a num-
ber of recent experiments in which suggestive ZBPs have been
observed [24–28]. However, whether these ZBPs are truly
due to Majorana zero modes is still uncertain. In particular,
while it has been argued that disorder could lead to a spurious
non-topological ZBP in the experiments [29–31], it has been
recently suggested that (contrary to the common expectation)
disorder does not necessarily destroys the topological phase in
proximity-induced SC NWs, and therefore the observed ZBPs
could in principle have a topological origin [32].

An ubiquitous feature of all Majorana experiments involv-
ing proximity-induced superconductivity has remained ig-
nored in the literature despite a great deal of activity in the
field: the measured G(V) is extremely “soft” in both the high-
field topological phase (where the ZBP exists) and in the zero-
field or the low-field trivial phase (where there is no ZBP).
In fact, the soft gap feature, which is clearly a property of
the semiconductor-SC hybrids quite independent of the MBS
physics, is prominent in the data with the subgap conductance
being typically only a factor of 2-3 lower than the above-gap
conductance, implying the existence of rather large amount of
subgap states whose origin remains unclear. We believe that
without a thorough understanding of this ubiquitous soft gap,
our knowledge of the whole subject remains incomplete.

In this Letter, we develop a minimal theoretical model that

may generally explain the soft gap that is observed ubiqui-
tously in the current Majorana experiments [24–27]. We sys-
tematically consider the e↵ects due to: (a) non-magnetic and
(b) magnetic disorder in the NW; (c) temperature; (d) dissi-
pative quasiparticle broadening arising due to various pair-
breaking mechanisms such as poisoning, coupling to other
degrees of freedom (e.g. phonons or normal electrons in the
leads) or due to electron-electron interactions; and (e) inho-
mogeneities at the SC-NW interface due to imperfections (e.g.
roughness and barrier fluctuations) that may arise during de-
vice fabrication. Since the soft gap occurs universally in the
experiment at all parameter values, we consider only the non-
topological zero-magnetic field situation here because this is
where the gap should be the largest and the hardest. We
solve our model numerically by exact diagonalization of the
Hamiltonian, and complement the study using the Abrikosov-
Gor’kov formalism [33] for a simplified model of a semicon-
ductor NW with a spatially-fluctuating pairing potential.

Our results point to the inhomogeneities at the semiconduc-
tor NW-SC interface [i.e. mechanism (e)] as the main physical
mechanism producing the soft gap. Our work indicates that
improving the quality of the superconductor-semiconductor
interface should result in a harder induced gap and in a sim-
pler physical interpretation of the Majorana experiment. How-
ever, our conclusions are not restricted to Majorana NWs and
might be useful for a correct interpretation of the experimental
results in many semiconductor-SC hybrid systems.

Theoretical model. We consider a one-dimensional semi-
conductor NW of length Lx placed along the x-axis and sub-
jected to SOC, Zeeman field along its axis, and proximity-
induced s-wave pairing due to a proximate bulk SC. Dis-
cretization of the Hamiltonian in the continuum results in a
tight-binding model defined on a Nx-site lattice [34],

Ĥw = �t
X

hi ji,s
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i,ss0
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Introduction. The pursuit of exotic topological phases of
matter has become an exciting topic of research in physics [1].
In particular, topological superconductors (SCs) supporting
zero-energy Majorana bound states (MBS) [2–13] have re-
ceived increasing attention both for its intrinsic interest and
for its potential uses in topological quantum computation [2,
14–16]. In recent proposals to realize topological SCs in solid
state systems, an e↵ective p-wave SC is induced in a semicon-
ductor by the combined e↵ects of spin-orbit coupling (SOC),
Zeeman splitting of the energy bands and proximity induced
s-wave SC [8, 17, 18]. For a semiconductor nanowire (NW),
it was predicted that the presence of MBS at its ends could
be experimentally detected in the di↵erential tunneling con-
ductance G(V) at the interface with a normal contact, via the
emergence of a zero-bias peak (ZBP) of height 2e2/h (at zero
temperature) [19–23]. The NW proposal has inspired a num-
ber of recent experiments in which suggestive ZBPs have been
observed [24–28]. However, whether these ZBPs are truly
due to Majorana zero modes is still uncertain. In particular,
while it has been argued that disorder could lead to a spurious
non-topological ZBP in the experiments [29–31], it has been
recently suggested that (contrary to the common expectation)
disorder does not necessarily destroys the topological phase in
proximity-induced SC NWs, and therefore the observed ZBPs
could in principle have a topological origin [32].

An ubiquitous feature of all Majorana experiments involv-
ing proximity-induced superconductivity has remained ig-
nored in the literature despite a great deal of activity in the
field: the measured G(V) is extremely “soft” in both the high-
field topological phase (where the ZBP exists) and in the zero-
field or the low-field trivial phase (where there is no ZBP).
In fact, the soft gap feature, which is clearly a property of
the semiconductor-SC hybrids quite independent of the MBS
physics, is prominent in the data with the subgap conductance
being typically only a factor of 2-3 lower than the above-gap
conductance, implying the existence of rather large amount of
subgap states whose origin remains unclear. We believe that
without a thorough understanding of this ubiquitous soft gap,
our knowledge of the whole subject remains incomplete.

In this Letter, we develop a minimal theoretical model that

may generally explain the soft gap that is observed ubiqui-
tously in the current Majorana experiments [24–27]. We sys-
tematically consider the e↵ects due to: (a) non-magnetic and
(b) magnetic disorder in the NW; (c) temperature; (d) dissi-
pative quasiparticle broadening arising due to various pair-
breaking mechanisms such as poisoning, coupling to other
degrees of freedom (e.g. phonons or normal electrons in the
leads) or due to electron-electron interactions; and (e) inho-
mogeneities at the SC-NW interface due to imperfections (e.g.
roughness and barrier fluctuations) that may arise during de-
vice fabrication. Since the soft gap occurs universally in the
experiment at all parameter values, we consider only the non-
topological zero-magnetic field situation here because this is
where the gap should be the largest and the hardest. We
solve our model numerically by exact diagonalization of the
Hamiltonian, and complement the study using the Abrikosov-
Gor’kov formalism [33] for a simplified model of a semicon-
ductor NW with a spatially-fluctuating pairing potential.

Our results point to the inhomogeneities at the semiconduc-
tor NW-SC interface [i.e. mechanism (e)] as the main physical
mechanism producing the soft gap. Our work indicates that
improving the quality of the superconductor-semiconductor
interface should result in a harder induced gap and in a sim-
pler physical interpretation of the Majorana experiment. How-
ever, our conclusions are not restricted to Majorana NWs and
might be useful for a correct interpretation of the experimental
results in many semiconductor-SC hybrid systems.

Theoretical model. We consider a one-dimensional semi-
conductor NW of length Lx placed along the x-axis and sub-
jected to SOC, Zeeman field along its axis, and proximity-
induced s-wave pairing due to a proximate bulk SC. Dis-
cretization of the Hamiltonian in the continuum results in a
tight-binding model defined on a Nx-site lattice [34],

Ĥw = �t
X

hi ji,s
c†isc js + i↵

X

i,ss0

h
c†is�

y
ss0 (ci+1s0 � ci�1s0 )

i

�
X

i,ss0
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⇥
µi � BZ�

x � bi · �⇤ cis0 +
X

i

h
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†
i"c
†
i# + h.c.

i
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Here, c†is creates an electron with spin s =", # at site i, ↵ =
↵R/2a =

p
Esot parametrizes the Rashba SOC strength, where

ar
X

iv
:1

21
1.

10
29

v3
  [

co
nd

-m
at

.su
pr

-c
on

]  
13

 M
ay

 2
01

3

3

0

0.2

0.4

G
/(

2e
2
/h

)

0

0.2

0.4

G
/(

2e
2
/h

)

0 1-1 0 1-1

G
/(

2e
2
/h

)

0

0.2

0.4

0.6

0 1-1

(a) (b)

(c)

0 1-1
0

0.2

0.4

G
/(

2e
2
/h

)

(d)

 

 

eV/�0 eV/�0

eV/�0 eV/�0

FIG. 1. (color online) Di↵erential conductance for electron tunnel-
ing into an end of the semiconductor nanowire for BZ = 0. Vari-
ous pair-breaking mechanisms are considered: (a) static disorder, (b)
magnetic disorder, (c) temperature and (d) quasiparticle broadening.

non-magnetic disorder, thus rendering this an unlikely mech-
anism for the observed subgap conductance. We note as an
aside that in our numerical results for the topological phase,
which are not shown here, the e↵ect of non-magnetic disor-
der is stronger than in the zero magnetic field non-topological
phase since Anderson’s theorem does not apply in the topo-
logical phase. In fact, the non-magnetic disorder in the topo-
logical phase behaves very similar to the magnetic disorder in
the non-topological phase discussed below.

The e↵ect of magnetic disorder is shown in Fig. 1(b). We
have taken Wb = 0, 0.27�0, 0.54�0, 0.68�0 and 0.81�0 (blue
to red curves). In this case, we find a substantial modifi-
cation in the subgap conductance. In particular, a soft su-
perconducting gap, similar to the one observed in Ref. 24,
is obtained for Wb = 0.81�0 (red curve). According to the
Abrikosov-Gor’kov theory [33, 35], the amount of magnetic
disorder needed to produce a soft gap is �0⌧b ⇠ 1, where
⌧b = 2t2(1� (µ/2t)2)/3vFW2

b is estimated from our tight bind-
ing parameters. Such a large amount of magnetic disorder is
unlikely to be present in the NW used in the experiments.

The thermal pair-breaking e↵ect is considered in Fig. 1(c)
[c.f. Eq. (3)]. We vary the temperature from T = 0.027�0
(blue curve) to T = 0.35�0 (red curve) in equal steps of
0.054�0 [0.027�0 ⇡ 78mK]. Although a considerable amount
of thermally-induced subgap conductance is obtained for T =
0.35�0 (red curve), this value is much larger than the reported
experimental temperature Texp = 70 mK, and cannot by it-
self explain the experimental features. We note that the blue
curve corresponds to T = 78mK & Texp, for which there is no
appreciable subgap conductance.

In Fig. 1(d), we consider the e↵ect of a finite quasiparti-
cle broadening by introducing a shift in the frequency ! !
! + i�N in Eq. (4), where �N is a phenomenological quasi-
particle broadening. This broadening can in principle arise
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FIG. 2. (color online) Di↵erential tunneling conductance in the pres-
ence of SC-NW interface inhomogeneity and quasiparticle broaden-
ing. In (a), we use W� = 0.8 and fix BZ = 0. In (b), we vary BZ while
fixing �N , and model interface inhomogeneity via a spatially fluctu-
ating �i = �0 + ��i, with a gaussian-distributed random component
obeying h��i�� ji = W2

��i j and W� = 0.2t. Disorder average is done
over 50 and 500 samples in (a) and (b), respectively.

due to coupling of electrons in the NW to a source of dis-
sipation, e.g. presence of (unconsidered) normal contacts,
quasiparticle poisoning due to tunneling of normal electrons
into the NW, and scattering with phonons and/or other elec-
trons. Quasiparticle lifetime e↵ects were considered in a
similar way in the context of BCS superconductors by in-
troducing a phenomenologically broadened density of states
⇢(!, �N) = Re

⇥
(|!| + i�N)/[(|!| + i�N)2 + �2

0]1/2⇤ [45]. In
Fig. 1(d) we vary �N from �N = 0.027�0 (blue curve) to
�N = 0.35�0 (red curve) in equal steps of 0.054�0. We see
that even for the largest values of �N (i.e. �N ⇠ 0.35�0 corre-
sponding to the red curve), a remnant of the hard SC gap is still
present. Therefore, this e↵ect alone is incapable of explaining
the substantial gap softening observed in the experiments.

While all of the above-mentioned mechanisms are likely
to be present to some extent in a realistic setup, our results
indicate that it is unlikely that they can individually explain
the experimentally observed soft gap. Moreover, even after
combining all the e↵ects of non-magnetic and magnetic dis-
order, quasiparticle decay rate of order 0.1�0, and tempera-
ture of 70mK, we found that obtaining a soft gap that qual-
itatively agrees with experiments requires magnetic disorder
strength of �0⌧b ⇠ O(1), which seems to be unrealistic. This
leads us finally to the e↵ect of inhomogeneities at the NW-
SC interface (see Fig. 2). We now argue that a reasonable
amount of interface inhomogeneity, together with quasipar-
ticle broadening, gives a soft gap that is in good qualitative
and semi-quantitative agreement with the experimental find-
ings, thus rendering the combination of these two e↵ects as
the most likely candidate for the soft gap. In Fig. 2(a), we
take W� = 0.8 while fixing BZ = 0 and varying �N as indi-
cated. We observe a large amount of subgap contributions,
with a noticeable “v-shaped” tunneling conductance around
V = 0. We see that �N ⇠ 0.1�0 is su�cient to obtain a soft
gap reminiscent of the experimental findings [24–27]. The
v-shaped soft gap is obtained only in the presence of both the
interface fluctuations and quasiparticle broadening, and an un-
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We report a procedure for Molecular Beam Epitaxy growth of Aluminum contacts to InAs
nanowires. The methods results in an oxide-free epitaxial interface and highly transparent Ohmic
electrical contact. The fabrication of .

Semiconducting Indium Arsenide (InAs) nanowires
(NWs) have been implemented as the active elements
in nanoscale electrical devices for a wide range of stud-
ies: Their high electron mobilities and low effective
mass provide a good basis for superior field effect
transistors[1], their surface transport channels and high
surface-to-volume ratio make them obvious candidates
for use in chemical sensors[2], and their strong spin-orbit
coupling[3, 4], large g-factors[5] and relative ease of con-
tacting to superconducting (SC) contacts has led to a
number of breakthroughs in quantum transport[6–8].
Common for any such application of nanowires is the

need for reproducible ohmic contacts and this often be-
comes a pivotal step in the fabrication scheme. In this re-
spect the surface accumulation layer of InAs prevents the
formation of a strong Shottky barrier at the metal/NW
interface and makes contacting easier than for most semi-
conductors. Nevertheless, to achieve contact, the oxide
which covers the wire surface needs to be removed prior
to metal deposition and various techniques have been
developed to tackle this problem. In the earliest work
the oxide was removed by a brief etch in hydrofluoric
acid (HF) immediately prior to metal deposition. This
process is difficult to reproduce and often entire device
batches turn out highly resistive probably due to oxide
regrowth. To circumvent this problem Suyatin et. al., de-
veloped a procedure based on (NH4)2Sx to dissolve the
oxide and passivate the surface thus protecting it against
further oxidation[9]. This procedure has been very suc-
cessful and is now widely adapted, and lately also Argon
ion milling has been used with success[10].
These approaches successfully removes the oxide, but also
potentially etches or damages the InAs nanowire crystal
surface. Such microscopic interface degradation has so-
far remained irrelevant as the techniques produce highly
transparent ohmic contacts. Lately, however, due to
a potential use in topological quantum information[11],
there has been an intense interest in inducing super-
conductivity in strong spin-orbit coupling nanowires by
virtue of the proximity effect and in order to achieve an
induced superconducting gap with a low amount of sub-
gap states (a hard gap), Ref. [12] showed that a key pa-
rameter is the quality and uniformity of the SC/NW in-

terface. Given the softness of the proximity gaps reported
so far[13, 14], alternative contacting schemes needs to
be investigated. Here we report new approach to mak-
ing electrical devices from InAs nanowires with an oxide-
free nanowire/metal epitaxial interfaces leading to repro-
ducible low-resistance electrical contacts. The method is
based on a single molecular beam epitaxy (MBE) growth
of an InAs nanowire core and a metallic Aluminum (Al)
nanowire shell. Because of the ultra-high vacuum of the
MBE reactor the Al/InAs interface remains oxide-free
and leads to good electrical contact between the metal
shell and the NW core. We demonstrate the subsequent
fabrication of devices in a field effect transistor geometry
by contacting the metallic Al shell and locally exposing
the InAs channel, and characterize their electrical perfor-
mance. We discuss the potential of this method for cre-
ating superconducting contacts to nanowires and present
electrical transport measurements below the critical tem-
perature of the Al shell. We further demonstrate MBE-
grown InAs nanowires coated by a partial shell thereby
leaving half the nanowire susseptible for gating while pre-
serving the properties of the superconducting contact in-
terface.
The InAs nanowires were grown in the (111)B crystal
direction by the Vapor-Liquid-Solid method in a solid
source MBE system [15, 16]. Without breaking the re-
actor vacuum, the substrate is subsequently cooled be-
low −15◦C and the growth is ended with an Al layer
of 50 − 100 nm. At such low temperatures the diffusion
length of Al is only a few nanometers and the Al crystals
are formed uniformly along the side facets of the InAs
nanowire. Two types of InAs/Al core/shell structures
were investigated; one where the substrate was rotated
during the Al growth resulting in a complete shell, and
one where the substrate rotation was disabled, result-
ing in wires with a half Al shell. In the following we
first discuss the full-shell structures. Figure 1(a) shows
a transmission electron microscope (TEM) image of the
resulting wires clearly revealing the InAs core and the
surrounding Aluminum shell. The crystal grains of the
Al shell have an extension of ∼ 50−70 nm and are visible
through the modulation of the TEM diffraction contrast
resulting from different crystal-grain orientations. Due to

3

tron beam lithography and evaporation of Ni or Ti. To
break through the native oxide present the Al surface
a brief Argon ion milling is performed inside the metal
evaporation chamber. This procedure reproducibly cre-
ates contact to the Al shell. To gain access to the InAs
core, a second lithography step is performed to open nar-
row windows in a resist between the contacts and the
shell is removed by a brief 2-3 sec. etch in 12% buffered
HF[18]. Finally, to enhance the performance of the back-
gate and to reduce switching noise, the device is coated in
20-30 nm of Al2O3 using atomic layer deposition. Figure
22(a) shows scanning electron micrograph of typical de-
vices prior to the final oxide deposition, with a ∼ 0.5µm
wide segment of the InAs core exposed, and the inset
to Fig. 2(b) shows the device schematic. We note, that
in order to employ the Al shell to aid electrical contacts,
the second lithography step is in principle obsolete as the
first metal layer can act as the etch mask for exposing the
InAs core; here, however, the two-step approach was used
to separate the lithography-defined contacts from the re-
gion of exposed NW to ensure that close to this region
the SC properties of the shell are intact.
Figure 2(b) shows the measured conductance as a func-
tion of the voltage Vg applied to conducting back plane
of the substrate for three different devices. As expected
for undoped InAs NWs the devices act as n-type semi-
conductors with an increased conductance for increased
Vg. The devices are pinched-off at Vg = −10V and the
peak conductance for Vg = 10V is 2.8, 5.1, and 5.8 e2/h
for Dev#1, Dev#2, and #3, respectively. These values
are comparable to the best results we have achieved for
devices of comparable lengths and diameters using stan-
dard procedures for removing the InAs oxide. Also the
temperature dependence of the G vs. Vg measurements
shown in Fig. 2(b) indicates the presence of a barrier-free
metal-semiconductor interface: At Vg

>∼ 0V the conduc-
tance increases upon cooling of the device (due to the
reduction of phonon scattering) rather than decreasing
as is often observed for imperfect contacts due to the re-
duction of thermally excited transport.
Figure 3(a) shows the four-terminal resistance as a func-
tion of temperature of an Al-coated NW before the shell
is etched. A clear superconducting transition is observed
at Tc ∼ 1.3K close to the value of bulk Al. Figure 3(b)
shows the dependence of the resistance on magnetic field
as a function of angle of the field with respect to the
wire axis. The critical field Bc peaks at 75mT for the
parallel direction and has a minimum value of 50mT in
the perpendicular orientation. These values are compa-
rable to what is obtained in conventional devices with
a similar Al thickness[7]. Figure 3(c) shows a plot of
dI/dVsd vs. Vsd and B⊥ for Dev#2 with the InAs core
exposed along a ∼ 600 nm segment. As a consequence
of the superconducting contacts, a clear conductance in-

crease is observed at low fields for |Vsd| < 2∆/e disap-
pearing when B⊥ > Bc ∼ 60mT. The absence of a
zero-bias supercurrent is attributed to inadequate filter-
ing of the electrical wiring in the cryostat. The results of
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FIG. 3: (a,b) Temperature and magnetic field dependence of
the four-terminal resistance of a wire with an intact Al shell
(in (b), T = 20mK). (c) Measurement of dI/dVsd vs. Vsd and
B⊥ at T = 50mK for Dev#2 with a ∼ 600 nm wide segment
of exposed InAs (cf. Fig. 2). A clear conductance increase
is observed for |Vsd| <∼ ±2∆/e = ±0.4meV. White line:
B = 0T trace (dI/dVsd = 1.8(3.3)e2/h for Vsd = −1(0)mV).
(d) TEM micrograph of a half-coated InAs nanowire and
schematic top view (inset).

Fig. 3 demonstrates that as a superconducting contact,
the MBE grown shell performs as well as conventional
planar contacts in the standard SC/NW/SC geometry.
In addition, however, due to the perfect uniformity and
control of the grown SC/NW interface we expect a harder
induced gap[12], better suited for studying Majorana-
related physics. To study the characteristics of density of
states in the nanowire, hybrid normal-metal/NW/S de-
vices must be realized in the tunneling regime and such
devices will be the focus of future experiments.
Finally we note, that for the purpose of creating Majo-
rana end-states in proximity-coupled strong SOI NWs, a
tuning of the chemical potential is required and therefore
part of the wire must be susceptible to electrostatic gat-
ing. For this, a fully covering shell is unsuited. Instead,
by disabling the growth-substrate rotation while deposit-
ing the Al, a half-covering contact with the same perfect
nanowire-superconductor interface can be achieved as il-
lustrated in Fig. 3(d).
In conclusion we have demonstrated a new scheme for
producing highly transparent

[1] L. Samuelson, C. Thelander, M. Björk, M. Borgstrom,
K. Deppert, K. Dick, A. Hansen, T. Martensson,
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When odd multiples of half flux quanta thread a cylindrical superconducting shell with a diameter d
shorter than the zero temperature coherence length !ð0Þ, superconductivity is predicted to be destroyed.

We show here that as d is reduced in comparison to !ð0Þ the resistance attains the normal state value,

which seems to be temperature independent in the vicinity of half flux quanta. The data are in agreement

with recent theoretical results.
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Quantum phase transitions (QPT) are an active topic in
modern solid-state physics [1–5]. An important and
interesting example for such transitions is the
superconductor-normal state QPT, where external parame-
ters such as disorder [1,6] or a magnetic field [5,7] force the
superconductor quantum ground state to transit into a
fundamentally different one. A unique system that can be
used to study QPT is the so called destructive regime in a
cylindrical superconducting shell with diameter d smaller
than the zero temperature superconductor coherence length
!ð0Þ in a parallel magnetic field [8–13]. When odd multi-
ples of half flux quanta thread such a system the kinetic
energy of superconducting current is predicted to exceed
the condensation energy so superconductivity would be
destroyed even at T ¼ 0.

This phenomenon is, essentially, enhanced Little-Parks
(LP) oscillations [14] of the critical temperature TC as a
function of the magnetic flux, ". The period of the LP
oscillations is the flux quanta "0 ¼ hc=2e, and the maxi-
mal reduction of TC, which takes place at odd multiples
of 0:5"0, depends on the ratio d=!ð0Þ. If d $ !ð0Þ (or
d $ 1:2!ð0Þ [10]) the maximal reduction of TC exceeds
TC in the vicinity of half-integer flux quanta, resulting in a
flux tuned QPT. If the external flux threaded only through
the nonsuperconducting part of the cylinder (Aharonov-
Bohm flux) is raised, the system will periodically shift
from the superconducting to the normal state. In practice,
the entire cylinder is placed in an external magnetic field,
the flux threads both the interior and the exterior super-
conducting wall of the cylinder and the kinetic energy of
the superconducting currents is enhanced. When the mag-
netic flux is raised, at zero temperature, superconductivity
is destroyed at a certain critical flux "c, then it may
reappear at another critical flux, and so on, but eventually
the additional superconducting currents will not enable the
reentry of the superconducting state. The lowest critical
flux, "c weakly depends on the thickness of the super-
conducting wall t, and was calculated by mean field theory

to be "c="0 ¼ 0:83R=!ð0Þ [8,10], where R is the cylin-
der’s radius.
The boundary between the normal and the supercon-

ducting phase is at the critical temperature TCðn;"Þ which
solves Eq. (1) [11,12]:

ln
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TCð0; 0Þ

"
¼ c

!
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"
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where c is the digamma function, TCð0; 0Þ is the zero field
critical temperature, n is an integer and #ðn;"Þ is the pair
breaking parameter, given by [12,15]:
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Even though there are three parameters in #ðn;"Þ: !ð0Þ, R
and t, #ðn;"Þ depends only on the two ratios R=!ð0Þ and
t=R. If t < R, #ð0;"Þ weakly depends on t=R, therefore
this line in the phase diagram can be used to obtain the ratio
R=!ð0Þ. On the other hand #ðn;"Þ with n > 0, strongly
depends on t=R, resulting in high values of #ðn;"Þ even at
"="0 ¼ n; hence superconductivity is destroyed above a
certain flux.
In an earlier experiment on the destructive regime Liu

et al. [9] have reported that the maximum conductivity at
'0:5"0, is larger than the conductivity of the normal state,
even near T ¼ 0. The nature of this enhanced conductivity
is not yet fully understood.While some studies attribute it to
superconducting fluctuations [15–17], others claim that the
origin of this finite conductivity is the formation of sections
with local superconducting order in the cylinder [11].
Lopatin et al. [16] calculated the fluctuation correction

to the normal state conductivity in the vicinity of a
superconducting-normal metal QPT for a low-dimensional
system in a parallel magnetic field. While their calculations
qualitatively agreed with the mentioned enhanced conduc-
tivity, some of their predictions, like a nonmonotonic
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resistivity as a function of magnetic field, were not ob-
served experimentally. Vafek et al. [8] argued that even at
odd multiples of 0:5!0, fluctuations of ‘, the mean free
path, and R lead to the construction of rare regions with
local superconducting order. They calculated the cylinder’s
resistance by modeling the system to Josephson coupled
regions and obtained a qualitative agreement with the
experimental data. These calculations, however, are lim-
ited to high temperatures. Recently, Dao and Chibotaru
[11] argued that the experimental data presented in [9,17]
are mainly due to the inhomogeneities of the cylinder that
lead to local TCðn;!Þ along the cylinder, rather than super-
conducting fluctuations. By simulating a cylinder in which
"ð0Þ varies along the cylinder they quantitatively produced
the features presented in previous experiments.

In this Letter we present the results of an experimental
study of the destructive regime of a cylindrical supercon-
ducting shell in vicinity and below the QPT by making the
parameter d="ð0Þ smaller than ever achieved before. When
d# "ð0Þ the mentioned enhanced conductivity is ob-
served. However, as d="ð0Þ is further reduced, the resist-
ance is raised to the normal state value. It is remarkable that
this value seems to be temperature independent (saturates).
The data analysis is consistent with the model invoking the
inhomogeneity of the cylinder.

The cylindrical superconducting shells are obtained by
sputtering Al onto an InAs nanocylinders. The sample
fabrication consists of three major steps: (i) Au-assisted
vapor-liquid-solid (VLS) growth of InAs nanowires using
molecular beam epitaxy (MBE), (ii) deposition of a super-
conducting coating film, and (iii) nanofabrication of elec-
trical leads. The details of each step are described
elsewhere [18]. A SEM image of a typical sample, after
all fabrication stages af presented in Fig. 1.

The InAs wires are not conducting since they are not
doped and we do not apply any gate voltage. This was
checked experimentally in samples were the Al metal was
absent or discontinuous (for thin Al layers) between the
Ohmic contacts. Furthermore, since the oxide layer sur-
rounding the InAs nanowire is not removed, there is a
barrier for the electrons between the InAs and the Al.
Therefore, the superconducting proximity effect can be
ruled out [19]. The nanocylinder is manually aligned and
bonded to a socket sample holder, so that the nanowire is
parallel to the socket’s edge and consequently to the ap-
plied magnetic field. The resistance was measured using a
low noise analog lock-in amplifier (EG&G PR-124A) in a
dilution refrigerator with a base temperature of 60 mK.

The inset of Fig. 2 shows the transition of sample ‘‘e7’’
into the superconducting phase, as the normal state resist-
ance (RN ¼ 14:7 !) drops to zero. The width of the tran-
sition can be explained by thermal fluctuations above TC

and by phase slips below TC [20]. Thickness fluctuations
due to the granular structure of the Al surrounding the InAs
can also broaden the transition. It is usually assumed that

the zero field transition is not broadened due to nonmag-
netic defects [21]. However, if t is small enough, the
transition can also be broadened due to variations of the
density of states or the electron phonon interaction [11].
Figure 3 shows the residual resistance of sample ‘‘b4’’ as

a function of magnetic field at 70 mK (this sample was
measured in a 2-probe configuration and a residual resist-
ance of 100 ! was subtracted from the resistance). The
basic features of this graph are similar to those presented in
Ref. [9], i.e., at zero field, the sample is in the super-
conducting state, there are narrow peaks of the resistance
at fields corresponding to%0:5!0 and%1:5!0, with finite
resistances lower than RN . At %!0 the resistance is again
close to its minimal value and at %2!0, %3!0 the resist-
ance is reduced from RN to a finite value. We evaluate

"ð0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
#@vF‘=24kBTC

p
to be 72 nm, where @ is Planck

constant, vF ¼ 2:03& 106 m= sec [22] is the Fermi veloc-
ity, kB the Boltzmann constant, TC ¼ 1:24 K (taken at the
middle of the transition) and the mean free path ‘¼3:2 nm,
is estimated from RN using a free electron gas model.

FIG. 1. A SEM image of a typical nanowire connected to
Ohmic contacts. The dark area surrounding the nanowire is the
hardened PMMA. The inset shows typical superconducting
coated nanowires with d ¼ 100 nm.
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FIG. 2 (color online). Resistance as a function of magnetic
field of sample e7 at several temperatures. The diameter of the
cylinder is estimated to be 66 nm, and the zero temperature
coherence length 110 nm. The inset shows the transition of
sample e7 into the superconducting phase.
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We report a procedure for Molecular Beam Epitaxy growth of Aluminum contacts to InAs
nanowires. The methods results in an oxide-free epitaxial interface and highly transparent Ohmic
electrical contact. The fabrication of .

Semiconducting Indium Arsenide (InAs) nanowires
(NWs) have been implemented as the active elements
in nanoscale electrical devices for a wide range of stud-
ies: Their high electron mobilities and low effective
mass provide a good basis for superior field effect
transistors[1], their surface transport channels and high
surface-to-volume ratio make them obvious candidates
for use in chemical sensors[2], and their strong spin-orbit
coupling[3, 4], large g-factors[5] and relative ease of con-
tacting to superconducting (SC) contacts has led to a
number of breakthroughs in quantum transport[6–8].
Common for any such application of nanowires is the

need for reproducible ohmic contacts and this often be-
comes a pivotal step in the fabrication scheme. In this re-
spect the surface accumulation layer of InAs prevents the
formation of a strong Shottky barrier at the metal/NW
interface and makes contacting easier than for most semi-
conductors. Nevertheless, to achieve contact, the oxide
which covers the wire surface needs to be removed prior
to metal deposition and various techniques have been
developed to tackle this problem. In the earliest work
the oxide was removed by a brief etch in hydrofluoric
acid (HF) immediately prior to metal deposition. This
process is difficult to reproduce and often entire device
batches turn out highly resistive probably due to oxide
regrowth. To circumvent this problem Suyatin et. al., de-
veloped a procedure based on (NH4)2Sx to dissolve the
oxide and passivate the surface thus protecting it against
further oxidation[9]. This procedure has been very suc-
cessful and is now widely adapted, and lately also Argon
ion milling has been used with success[10].
These approaches successfully removes the oxide, but also
potentially etches or damages the InAs nanowire crystal
surface. Such microscopic interface degradation has so-
far remained irrelevant as the techniques produce highly
transparent ohmic contacts. Lately, however, due to
a potential use in topological quantum information[11],
there has been an intense interest in inducing super-
conductivity in strong spin-orbit coupling nanowires by
virtue of the proximity effect and in order to achieve an
induced superconducting gap with a low amount of sub-
gap states (a hard gap), Ref. [12] showed that a key pa-
rameter is the quality and uniformity of the SC/NW in-

terface. Given the softness of the proximity gaps reported
so far[13, 14], alternative contacting schemes needs to
be investigated. Here we report new approach to mak-
ing electrical devices from InAs nanowires with an oxide-
free nanowire/metal epitaxial interfaces leading to repro-
ducible low-resistance electrical contacts. The method is
based on a single molecular beam epitaxy (MBE) growth
of an InAs nanowire core and a metallic Aluminum (Al)
nanowire shell. Because of the ultra-high vacuum of the
MBE reactor the Al/InAs interface remains oxide-free
and leads to good electrical contact between the metal
shell and the NW core. We demonstrate the subsequent
fabrication of devices in a field effect transistor geometry
by contacting the metallic Al shell and locally exposing
the InAs channel, and characterize their electrical perfor-
mance. We discuss the potential of this method for cre-
ating superconducting contacts to nanowires and present
electrical transport measurements below the critical tem-
perature of the Al shell. We further demonstrate MBE-
grown InAs nanowires coated by a partial shell thereby
leaving half the nanowire susseptible for gating while pre-
serving the properties of the superconducting contact in-
terface.
The InAs nanowires were grown in the (111)B crystal
direction by the Vapor-Liquid-Solid method in a solid
source MBE system [15, 16]. Without breaking the re-
actor vacuum, the substrate is subsequently cooled be-
low −15◦C and the growth is ended with an Al layer
of 50 − 100 nm. At such low temperatures the diffusion
length of Al is only a few nanometers and the Al crystals
are formed uniformly along the side facets of the InAs
nanowire. Two types of InAs/Al core/shell structures
were investigated; one where the substrate was rotated
during the Al growth resulting in a complete shell, and
one where the substrate rotation was disabled, result-
ing in wires with a half Al shell. In the following we
first discuss the full-shell structures. Figure 1(a) shows
a transmission electron microscope (TEM) image of the
resulting wires clearly revealing the InAs core and the
surrounding Aluminum shell. The crystal grains of the
Al shell have an extension of ∼ 50−70 nm and are visible
through the modulation of the TEM diffraction contrast
resulting from different crystal-grain orientations. Due to
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We propose and analyze theoretically an experimental setup for detecting the elusive Majorana particle

in semiconductor-superconductor heterostructures. The experimental system consists of one-dimensional

semiconductor wire with strong spin-orbit Rashba interaction embedded into a superconducting quantum

interference device. We show that the energy spectra of the Andreev bound states at the junction are

qualitatively different in topologically trivial (i.e., not containing any Majorana) and nontrivial phases

having an even and odd number of crossings at zero energy, respectively. The measurement of the

supercurrent through the junction allows one to discern topologically distinct phases and observe a

topological phase transition by simply changing the in-plane magnetic field or the gate voltage. The

observation of this phase transition will be a direct demonstration of the existence of Majorana particles.
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The Majorana fermions were envisioned by Majorana
[1] in 1937 as fundamental constituents of nature.
Majorana particles are intriguing and exotic because each
Majorana particle is its own antiparticle unlike Dirac fer-
mions where electrons and positrons (or holes) are distinct.
Recently, the search for Majorana fermions has focused on
solid state systems where many-body ground states may
have fundamental quasiparticle excitations which are
Majorana fermions [2]. Although the emergence of
Majorana excitations, which are effectively fractionalized
objects (anyons) obeying non-Abelian statistics rather than
Fermi or Bose statistics [3], in solid state systems is by
itself an extraordinary phenomenon, what has attracted a
great deal of attention is the possibility of carrying out fault
tolerant topological quantum computation in 2D systems
using these Majorana particles [4]. Such topological quan-
tum computation, in contrast to ordinary quantum compu-
tation, would not require any quantum error correction
since the Majorana excitations are immune to local noise
by virtue of their nonlocal ‘‘topological’’ (TP) nature [3,4].
The direct experimental observation of Majorana particles
in solid state systems would therefore be a true break-
through both from the perspective of fundamental physics
of fractional statistics in nature and the techno-
logical perspective of building a working quantum com-
puter. It is therefore not surprising that there have been
several recent proposals for the experimental realization of
Majorana fermions (MFs) in solid state systems [5–7].

In this Letter, we propose and validate theoretically a
specific experimental setup for the direct observation of
MFs in one of the simplest proposed solid state systems—
1D semiconductor-superconductor heterostructure based
quantum wires. This particular heterostructure consisting
of an ordinary superconductor (e.g., Nb) and a semicon-
ductor with strong spin-orbit coupling (e.g., InAs) as pro-
posed originally by Sau et al. [6] and expanded by Alicea

[7], is simple and does not require any specialized materi-
als for producing Majorana modes. The superconductor
(SC) induces superconductivity in the semiconductor
(SM) where the presence of spin-orbit coupling leads to
the existence of MFs at the ends of the wire. We show that
in a suitable geometry (see Fig. 1) the superconducting
state in the semiconductor undergoes a phase transition, as
the chemical potential or magnetic field is tuned, from a
superconducting state containing Majorana modes at the
junction to an ordinary nontopological superconducting
state with no Majorana modes at the junction. We establish
that such a transition is indeed feasible to observe in the
laboratory in semiconductor nanowires, showing in the
process how one can directly experimentally discover the
Majorana mode in the SM/SC heterostructure.
Specifically, we consider here 1D InAs nanowire

proximity coupled with an s-wave superconductor (e.g.,

FIG. 1 (color online). (a) Top view of SM/SC heterostructure
embedded into small-inductance SC loop. (b) Side view of the
SM/SC heterostructure. The nanowire can be top gated to control
chemical potential. Here we assume L ! ! and L1 " ! with !
being the SC coherence length. (c) Proposed readout scheme for
the Andreev energy levels. Inductively coupled rf-driven tank
circuit allows time-resolved measuring of the effective state-
dependent Josephson inductance [19].
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that such a transition is indeed feasible to observe in the
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or ! ¼ "1 channels resulting in six coefficients to match.
Therefore, in this case there is a pair of zero-energy
Majorana states. At C0 ¼ 0, there is a solution with z ¼
0, which corresponds to the closing of the SC bulk excita-
tion gap [6]. Therefore, the condition C0 ¼ 0 gives the
phase boundary between TP trivial and nontrivial SC
phases [12].

Andreev spectrum as a function of magnetic flux ! can
be obtained by solving BdG equations defined by Eq. (2) in
the limit of L ! 0 (describing L # " case) and matching
the boundary conditions "ð0"Þ ¼ "ð0þÞ, @x"ð0"Þ ¼
@x"ð0þÞ. The algebra is not particularly enlightening so
we present here numerical results shown in Fig. 2, which
are consistent with above analytical considerations. The
characteristic signature of the TP nontrivial phase is the
presence of odd number of crossings in the Andreev
spectrum in contrast with the TP trivial phase where
number of crossings is even as required by 2# pe-
riodicity of the BdG Hamiltonian, see Fig. 2(a). Indeed,
in the absence of the degenerate TP sectors, upon the
advance of the SC phase ’ by 2# the system returns to
the same state. It is well known that in SC–normal metal–
SC (SNS) heterostructure the spectrum of spin-degenerate

Andreev states is Eð’Þ ¼ #0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1"D sinð’=2Þ2

p
[13],

where D is the interface transparency. The presence of
weak spin-orbit interactions leads to the degeneracy split-
ting of Andreev levels [14]. In the TP trivial phase, which
is adiabatically connected to Vx ! 0 limit, we obtain
similar results, see Fig. 2(d). In contrast, as shown in
Fig. 2(c) Andreev spectrum in the TP nontrivial phase is

strikingly different. This difference is related to the pres-
ence of the Majorana zero-energy modes in the system at
’ ¼ #. The quantum phase transition between these two
phases is called topological because it occurs without any
qualitative changes of the local order parameter. The two
phases are distinguished by the topological order associ-
ated with the presence of Majorana zero-energy modes.
The TP quantum phase transition occurs when # ~E, which
is proportional to the quasiparticle bulk gap, becomes zero
bringing a continuum of gapless states at ~E ¼ 0. This
phenomenon is generic and applies also to Majorana bound
states in the vortex cores. The topological reconstruction of
the fermionic spectrum cannot occur adiabatically and
requires the nullification of the bulk excitation gap [15].
Looking at Figs. 2(a) and 2(c), one can see the evolution of
the Andreev energy spectrum with the magnetic field:
~Vx ¼ 2, 1.25, 0.75, which supports above arguments.
Also, Figs. 2(c) and 2(d) show the evolution of the spec-
trum with the chemical potential.
We note that the position of the zero-energy crossing is

not universal and can be shifted by adding a weak pertur-
bation, e.g., By$y. However, the crossing itself is robust
and is protected by particle-hole symmetry. Indeed, the
eigenstates with'E are related by particle-hole symmetry
"E¼$""EðxÞ, where $¼$y%yK with K denoting com-
plex conjugation. One can show using the property
$y%yH$y%y¼"HT that matrix elements h"jH$j"i¼
"h"jH$j"i¼0, and thus, the crossing is protected
against any perturbations as long as the bulk gap is pre-
served. Another elegant way of demonstrating the robust-
ness of the crossing point was suggested in Refs. [11,16].
At E ¼ 0 and ’ ¼ # one can introduce two MF operators
&1;2 ¼ &y

1;2. Then, the low-energy Hamiltonian around

’( # can be written as H ¼ i2"ð’Þ&1&2. By introducing
the Dirac fermion operators c ¼ &1 þ i&2 and cy ¼ &1 "
i&2, one can rewrite the Hamiltonian above asH ¼ "ð’Þ)
ðcyc" 1

2Þ, from which it follows that the states "E and
""E have different fermion parity. Thus, as long as fer-
mion parity is locally conserved the matrix elements be-
tween the states "E and ""E are zero.
Two (or even number) crossings in the Andreev spec-

trum as in Fig. 2(d) are not generally protected. We have

FIG. 2 (color online). Andreev energy spectrum in SM/SC
heterostructure for the junction with ~L ! 0. (a) Energy spectrum
in TP trivial (dashed line: ~Vx ¼ 0:75) and nontrivial (solid line:
~Vx ¼ 1:25) states. The two TP distinct phases differ by having
even and odd number of crossings, respectively. (b) Schematic
plot of the Josephson current through the junction carried by
Andreev states: light (red) and dark (blue) lines describe
Josephson current in TP trivial and nontrivial phases, respec-
tively. (c) and (d) The evolution of Andreev energy spectrum
with chemical potential. (c) The spectrum in TP nontrivial phase.
The dashed (red) line is a fit to ' cosð’=2Þ function. (d) The
spectrum in TP trivial phase. There is no crossing at ’ ¼ #.

FIG. 3 (color online). (a) Andreev spectrum for a finite-size
junction ~L ¼ 3 in a TP nontrivial phase. Here ~' ¼ 0, ~# ¼ 1,
~Vx ¼ 2, and U0=( ¼ 1. (b) Andreev spectrum in TP trivial
phase for ~' ¼ 5, ~# ¼ 1, ~Vx ¼ 2, ~L # 1, and U0=( ¼ 1.
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Mutation of Andreev into Majorana bound states in long NS and SNS junctions
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We study one-dimensional topological SN and SNS long junctions obtained by placing a topological
insulating nanowire in the proximity of either one or two SC finite-size leads. Using the Majorana
Polarization order parameter (MP) introduced in Phys. Rev. Lett. 108, 096802 (2012), we find that
the extended Andreev bound states (ABS) of the normal part of the wire acquire a finite MP: for
a finite-size SN junction the ABS spectrum exhibits a zero-energy extended state which carries a
full Majorana fermion, while the ABS of long SNS junctions with phase difference π transform into
two zero-energy states carrying two Majorana fermions with the same MP. Given their extended
character inside the whole normal link, and not only close to an interface, these Majorana-Andreev
states can be directly detected in tunneling spectroscopy experiments.

PACS numbers: 73.20.-r, 73.63.Nm, 74.45.+c, 74.50.+r,

Introduction Majorana fermionic states have received
a lot of interest (see [1, 2] for recent reviews) especially
because of their exotic properties such as non-Abelian
statistics that open the perspective of using them for
quantum computation [3]. However, while the observa-
tions of some recent experiments are consistent with the
existence of a topological phase [4–7], a direct unambigu-
ous detection of the Majorana states is still lacking. A
system which is expected to exhibit such states consists
of a semiconducting wire with strong spin-orbit coupling
(such as InAs or InSb [8]) , in the presence of an applied
Zeeman field and in the proximity of an s-wave super-
conductor (SC) [9, 10]. The properties of this system
have been extensively studied for an homogeneous SC
[11–15]. However, the Superconductor-Normal (SN) and
the Superconductor-Normal-Superconductor (SNS) long
junctions have received less attention [16–18]. Most of
the work on SNS junctions has focused on short Joseph-
son junctions dominated by the fractional Josephson ef-
fect: the Josephson current has a 4π periodicity, instead
of the usual 2π, and the energy of the Andreev bound
states (ABS) goes to zero at φ = π [9, 10, 16, 19–27].

Here we focus on topological SN and SNS long junc-
tions, in order to study the localization of Majorana
states and especially the interplay between the Majo-
rana states and the ABS. While it is rather difficult to
obtain analytical solutions for the ABS in this setup, a
numerical diagonalization [13–15] of the corresponding
tight-binding Hamiltonian allows us to uncover the main
physics of these systems. An important tool in this en-
deavor is the Majorana polarization, a local topological
order parameter introduced in Ref. [15].

For a finite NS junction we find that a localized Ma-
jorana state forms, as expected, at the exterior edge of
the SC while its Majorana partner does not form at the
NS interface, but gives rise to a bound state which is de-
localized over the entire non-SC section of the wire [28].

The energy of this state is fixed to zero, independently
of external parameters such as the gate voltage, which
appears to indicate that this state arises from a modified
ABS. In order to further investigate this possibility, we
focus on a long finite SNS junction where the energy of
the ABS can be modified by imposing a phase difference
φ between the two SCs. We find that the two Majorana
polarizations (or pseudo-spins) at the two outer ends of
the SCs rotate with respect to each other when φ is mod-
ified: they are antiparallel at φ = 0 and become parallel
at φ = π. Since the total Majorana polarization in the
system is conserved, the excess of Majorana polarization
must be carried by the extended ABS-like states in the
normal region, whose energy depends on φ. When φ = π
we indeed find that a zero energy state is formed, carry-
ing exactly two Majorana fermions. We call this state a
Majorana-Andreev bound state (MABS).

Based on our analysis we propose a direct method to
detect these MABS using tunneling spectroscopy. Their
Majorana character can be tested by their robustness
at zero energy with respect to the applied gate voltage,
along the lines of [29, 30], while their Andreev character
can be inferred from the dependence on phase [29, 31].
Such experiments should not be far from feasible (for
example using semiconducting wires), in particular for
SN junctions (preliminary results have been presented for
such junctions by the Kouwenhoven group [32]). More-
over, they should have more spectacular results than a
measurement of the Josephson current, for which the Ma-
jorana effects can be quite subtle [4, 5].

Model Our starting point is a semiconducting nanowire
with strong Rashba spin-orbit (SO) coupling [10, 14]. In
the presence of a Zeeman magnetic field and in proxim-
ity of a SC, such a wire has been shown to exhibit end
Majorana fermionic states [9, 10, 19]. We focus on using
such a wire to make SN or SNS long junctions (See Fig.
1). The superconductivity is induced only in the sections

2

(a) (b)

FIG. 1. Scheme of the proposed setups : a) a semiconducting
nanowire placed partially on the top of a s-wave SC b) a
semiconducting nanowire deposited on both ends on s-wave
SCs.

of the wire in contact with the superconductors. To be
able to perform a numerical analysis of this system, we
model it as a 1D tight-binding chain [14]

H =
N
∑

i

[

(t− µ)c†i ci + Vzc
†
iσzci

− (
t

2
c†i ci+1 + h.c.)− (i

α

2
c†iσyci+1 + h.c.)

]

+
N1
∑

i=1

∆1e
iφ1ci↑ci↓ + h.c.+

N
∑

i=N−N1+1

∆2e
iφ2ci↑ci↓ + h.c.

(1)

where N is the total number of sites, σy and σz are Pauli
matrices which act in the spin space, µ is the chemi-
cal potential, Vz the Zeeman field, ∆1/2 is the induced
SC pairing and α the SO coupling. For the NS junc-
tion depicted in Fig. 1 a), we took ∆2 = 0, N1 = 80
and N = 100. For the SNS junction depicted in Fig.
1 b), we took ∆1 = ∆2 = ∆, N = 100 and N1 = 40.
We have checked that our results remain unchanged for
much larger lengths of the SC wires (in the regime of pa-
rameters we are working with, the spin-orbit length ξso
is much smaller than the length of the SCs (N1a)). The
length of the normal part has been chosen such that a
small number (typically a pair) of ABS is formed within
the energy range of ∆. We fix the SC phase of the first
SC to φ1 = 0 and we vary φ2 = φ. We work in unit of
t = 1, and the lattice constant a is also taken to be equal
to 1.
We focus on two quantities namely the local density

of states (LDOS) and the local MP along the x-axis and
y-axis which are given by the following expressions [15]

ρi(ω) =
4N
∑

j=1

∑

δ=↑,↓

δ(ω − Ej)
∣

∣

∣
αj
i,α

∣

∣

∣

2

(2)

P
x
i (ω) =

4N
∑

j=1

∑

δ=↑,↓

δ(ω − Ej)2Re(α
j∗
i,δβ

j
i,δ) (3)

P
y
i (ω) =

4N
∑

j=1

∑

δ=↑,↓
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where (αj
i↑,β

j
i↑,α

j
i↓,β

j
i↓) are the components of the wave

function on site j for the jth eigenstate of the system

in the (c†i↑, ci↑, c
†
i↓, ci↓) basis. An exact digonalization

of the Hamiltonian (1) allows us to evaluate these two
quantities. We focus on the limit when the system is in
the topological phase by chosing Vz = 0.4,∆ = 0.3, µ =
0, and α = 0.2. A finite width for the delta functions is
introduced in the numerical evaluations responsible for
the finite width of the peaks in the LDOS and MP. Here
we take it to be 0.00015!vF/a (except in Fig. 3 where
the width is equal to 0.002!vF/a).
Results for the NS junction We first remind the reader

that in a topological SC wire the spectrum shows two
zero-energy Majorana states localized at the two ends of
the wire; these two states have opposite MP. The first
question that we want to address is how this picture is
modified in SN junctions. By diagonalizing the Hamil-
tonian of this system we find that its spectrum also ex-
hibits two zero-energy modes. In Fig. 2 a) we plot the
zero-energy Majorana polarization as a function of po-
sition. We see that indeed a MP peak is formed at the
left end of the topological SC, whose integral is equal to
−1 [33]. The second zero-energy state does not corre-
spond to a localized mode[28], but to a Majorana state
uniformly extended over the entire normal section of the
wire. Note that if the normal section of the wire is non-
topological, this second Majorana is localized at the SN
interface, on the SC side [34]. Moreover, if the coupling
between the SC and the normal wire is small, the Ma-
jorana mode also becomes, as expected, localized at the
SN interface. The effect of the backscattering at the in-
terface will be detailed elsewhere [35]. We have checked
that the integral of the MP for this state is equal to 1,
exactly canceling the MP of the edge mode (the total MP
has to be conserved and equal to zero).
This state is remarkably robust; we have checked that

its energy and its MP do not depend on different pa-
rameters in the system such as the gate voltage, and the
Zeeman field. Thus, in Fig. 2 b) we plot the LDOS in
the normal sector as a function of energy and applied
chemical potential. We see that the zero-energy peak
is unchanged as long as one remains in the topological
phase, but it splits into two peaks when the system ex-
its the topological phase (µ > µ̃ where µ̃ =

√

V 2
z −∆2

[10]). A similar behavior is observed for the dependence
with the Zeeman field (see Fig. 7 in the Supplementary
Information (SI)) in agreement with preliminary results
presented for a similar setup by the Delft group [32].
Results for the SNS long junction The nature of this

extended Majorana state is intriguing: it seems that an
ABS gets pinned to zero in the topological phase, giving
thus rise to an extended MABS. In order to clarify the
nature of this state, we study a SNS junction such as the
one depicted in 1 b). For this setup the energy of the
ABS can be controlled by modifying the phase difference
φ between the two SCs. The LDOS and the MP along
the x-axis are plotted in Fig. 3 for φ = 0 and φ = π (in
these two configurations the MP has no y-component).
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FIG. 4. Majorana polarization along the x-axis (black), y-
axis (red) and the norm of the MP vector (blue) integrated
over the right-end Majorana (a) and over the ABS (b). c)
Schematic picture of the Majorana pseudo-spin rotation as a
function of the phase difference.

at φ = π can be easily opened by external parameters
such as the gate voltage, etc., in the topological phase
the energy of the ABS is always zero at φ = π, and the
height of the zero-bias peak is doubled with respect to
that of the ABS peaks at other values of φ. The crossing
of the ABS states at φ = π is consistent with the frac-
tional 4π periodic Josephson effect previously described
for short SNS junctions [1, 2, 20].
Experimental consequences Before discussing our ex-

perimental proposal, we stress the importance of the ex-
tended character of the Majorana states described here.
This should make one able to observe them directly spec-
troscopically, either by STM or by using a weakly coupled
normal probe, without the constraint of having to posi-
tion a real STM tip close to an interface, which may be
practically delicate. Moreover, such an extension of the
Majorana state across the whole normal link of a SNS
junction makes them easier to manipulate, and eventu-
ally use for q-bits: as such, these devices are easily scal-
able towards a Majorana network, since the junctions do
not need to be similar. Besides, the Majorana pseudo-
spin of these states can be easily changed by varying the
SC phase, giving us an extra handle to play with such
states.
We claim that the detection of a zero-energy peak at

φ = π in the spectrum of the normal long link would
constitute a direct measurement of the Majorana states,
provided two conditions are satisfied: i) the hybridization

FIG. 5. The LDOS in the normal link exhibiting ABS peaks as
a function of energy and phase difference in a non-topological
(a) and topological (b) state. We take Vz = 0.4, ∆ = 0.3,
α = 0.2, and µ = 0 in the topological state and Vz = α = 0,
∆ = 0.3, and µ = 1 in the non-topological state. For clarity
we have chosen to open a gap at φ = 0 and φ = 2π between
the two first ABS by changing the SN coupling at the two SN
interfaces (t′L = 0.85 and t′R = 1.15).

of the Majorana and the Andreev states into Majorana-
Andreev extended states, which can be checked experi-
mentally by studying the variation of the ABS with the
phase difference between the two SCs; ii) the robustness
of the zero-energy state with respect to various parame-
ters in the model such as the gate voltage and the mag-
netic field. We believe that one of the easiest and most
spectacular tests would consist of a measure of the LDOS
as a function of energy and the chemical potential (gate
voltage) along the lines of Ref. [29]. Notice that this gate
needs to act on both the SC and the normal sections.
In Fig. 6 we present the theoretical prediction for the
LDOS in such a measurement. Indeed, for φ = π, the
position and the amplitude of the zero-energy state are
not affected by increasing the chemical potential up to
a value of µ = µ̃ where µ̃ =

√

V 2
z −∆2 ≈ 0.26 corre-

sponding to the transition into a non-topological phase
[10]. When µ > µ̃ we recover the well known situation
for which the ABS oscillate with the chemical potential
[29, 31]. For much larger chemical potentials the bottom
of the band structure becomes apparent (the very bright
signature on the top right corner of both plots in Fig. 8
of the SI document). In order to probe a larger scale
of µ and to observe the classical oscillation of the ABS
in the non-topological phase, we have added a different
gate voltage Vg = −0.3 which acts independently on the
normal section of the nanowire.
Conclusions We have shown how the extended ABS

become MABS in long SN and SNS junctions. For
SNS junctions we have discovered that the direction of
the Majorana pseudo-spin can be controlled by chang-
ing the phase difference between the two SCs. The con-
servation of Majorana polarization implies that the ABS
states in the normal link become Majorana-polarized and
carry exactly two Majorana fermions with the same MP

non-topological topological

0 0π π2π 2π
� �

5

FIG. 6. The LDOS as a function of energy and chemical
potential for φ = π (a) and φ = 0 (b). Note that at φ = π the
zero-energy ABS is independent of the gate voltage until the
system exits the topological phase µ > µ̃ =

√
V 2
z −∆2 ≈ 0.26.

when the phase difference is equal to π. These zero-
energy Majorana-Andrev bound states are extremely ro-
bust with respect to modifications of various parameters
in the system. We propose that a spectroscopic detec-
tion of such a zero-energy state along the lines of [29],
correlated with a measure of its phase dependence and
with a test of its robustness with respect to the chemi-
cal potential constitutes a direct detection of a Majorana
fermionic state.
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FIG. 1: (a) False color scanning electron micrograph of a litho-
graphically identical device. The InAs nanowire (green) is con-
tacted by two ends of an Al fork (gray), and a Au contact (yellow)
acts as a normal metal tunnel probe. (b-d) Di↵erential conduc-
tance of the device as a function of tunnel probe voltage bias, VT,
and backgate voltage VBG. (b) Magnetic field B = 0 mT and
phase � = 0. Dotted white lines indicate the superconducting gap
of Al, �; individually resolved ABS occur at energies below �. (c)
B = 15 mT and � = 0. (d) B = 30 mT, ABS and superconducting
gap of Al disappear above Bc ⇠ 20 mT of the leads. Broadened
undulations in the di↵erential conductance of the normal state wire
indicate a loosely defined quantum dot with negligible charging en-
ergy and transparent coupling to the leads.
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Tunneling Spectroscopy of Quasiparticle Bound States in a Spinful Josephson Junction
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The spectrum of a segment of InAs nanowire, confined between two superconducting leads, was

measured as function of gate voltage and superconducting phase difference using a third normal-metal

tunnel probe. Subgap resonances for odd electron occupancy—interpreted as bound states involving a

confined electron and a quasiparticle from the superconducting leads, reminiscent of Yu-Shiba-Rusinov

states—evolve into Kondo-related resonances at higher magnetic fields. An additional zero-bias peak of

unknown origin is observed to coexist with the quasiparticle bound states.
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Spin impurities in superconductors can drastically mod-
ify the state of its host, for instance, by suppressing the
transition temperature and by inducing subgap states [1].
Using a hybrid superconductor-semiconductor device, one
can investigate this process with precise experimental
control at the level of a single impurity [2]. Exchange
interaction between the single quantum spin impurity and
quasiparticles modifies the order parameter locally, thereby
creating Yu-Shiba-Rusinov subgap states [3–7]. For weak
exchange interaction, a subgap state near the gap edge
emerges from singlet correlations between the impurity
and the quasiparticles. Increasing exchange interaction
lowers the energy of the singlet state and increases a key
physical parameter, the normal state Kondo temperature
TK. At kBTK ! ! (Kondo regime), where ! is the super-
conducting gap, the energy gain from the singlet formation
can exceed !, resulting in a level-crossing quantum phase
transition (QPT) [1,8–10]. The QPT changes the spin and
the fermion parity of the superconductor-impurity ground
state and is marked by a peak in tunneling conductance at
zero bias [11].

A mesoscopic superconductor-quantum dot-
superconductor Josephson junction [Figs. 1(a) and 1(b)] is
an ideal device to study Yu-Shiba-Rusinov states because it
provides a novel control knob that tunes the exchange
interaction via the superconducting phase difference across
the junction!. A physical picture of the phase tunability of
exchange interaction is the following: A spin 1=2 impurity
is created by trapping a single electron in the lowest avail-
able orbital of the dot (assuming large level spacing) with a
Coulomb barrier [Fig. 1(c)] [12,13]. At the electron-hole
(e-h) symmetry point, the spinful state, j1; 0i, costs less than
both the empty, j0; 0i, and the doubly occupied, j2; 0i, states
by the charging energy U (U > ! suppresses charge fluc-
tuations at energies below!). Here, jndot; nleadi denotes the
electron (quasiparticle) occupancies of the dot (leads), with
arrows giving spin orientations when needed. Spin-flip
scattering connects the degenerate states j "; #i and j #; "i

via the virtual population of states j2; 0i [Fig. 1(d)] or
j0; 0i [Fig. 1(e)]. These two scattering channels cause an
effective (super)exchange interaction between quasi-
particles and the spinful dot. Compared to scattering via
j2; 0i, scattering via j0; 0i differs by a phase factor
expð#i!Þ because it is accompanied by a Cooper pair
transfer [Fig. 1(e)]. At! ¼ " these two scattering channels
interfere destructively, making the exchange coupling
minimal at ! ¼ " and maximal at ! ¼ 0. Consequently,
both the singlet excited state jSi and the doublet ground state
jDi acquire a phase modulation, albeit only in higher order
processes for the latter [14–21].
The ground state of spinful Josephson junctions have

been investigated by previous experiments [22–27]. Phase-
biased junctions with weak coupling showed negative
supercurrent [22,23], consistent with theoretical predic-
tions of the weak phase modulation of jDi [14–16], while
for strong coupling, positive supercurrent was observed
[24,25]. The latter was interpreted in terms of a QPT
associated with the interchange of states jSi and jDi at
kBTK ! ! [25–27]. Meanwhile, other experiments have
performed tunneling spectroscopy on spinful Josephson
junctions without phase control [28–31] or with phase
control but away from the Kondo regime [32]. This leaves
the effect of phase on subgap states in the Kondo regime
unaddressed. Tunneling spectroscopy in similar devices
has also been used recently to examine signatures of
Majorana end states [33–35].
In this Letter, we demonstrate both phase and gate

control of subgap states in a Kondo-correlated Josephson
junction (kBTK ! !) [2]. We also report the first evidence
of a singlet to doublet QPT induced by the superconducting
phase difference. Our InAs nanowire Josephson junction
has an additional normal metal tunnel probe which allows
a measurement of the density of states via tunneling in
the region between the superconducting contacts (Al).
By using normal metal, we avoid the complication of
deconvolving the density of states of the probe from the
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Figure 1. Examples of systems allowing implementation of a Kitaev chain.
(a) A chain of QDs in a 2DEG. The QDs are connected to each other, and
to superconductors (labeled SC), by means of quantum point contacts (QPCs).
The first and the last dots are also coupled to external leads. The normal state
conductance of QPCs between adjacent dots or between the end dots and the
leads is Gk, and of the QPCs linking a dot to a superconductor is G?. The
confinement energy inside each QD can be controlled by varying the potential
Vgate. (b) Realization of the same setup using a nanowire, with the difference that
each dot is coupled to two superconductors in order to control the strength of the
superconducting proximity effect without the use of QPCs.

separated by gate-controlled tunnel barriers, and all the tuning can be done by gates, except
for the coupling to a superconductor. This coupling, in turn, can be controlled by coupling two
superconductors to each dot and applying a phase difference to these superconductors. The
layout of a nanowire implementation of our proposal is shown in figure 1(b).

This geometry has the advantage of eliminating many of the problems mentioned above.
By using single-level QDs, and also quantum point contacts (QPCs) in the tunneling regime,
we solve issues related to multiple transmitting modes. Additional problems, such as accidental
closings of the induced superconducting gap due to disorder, are solved because our setup allows
us to tune the system to a point where the topological phase is most robust, as we will show.

We present a step-by-step tuning procedure which follows the behavior of the system in
parallel to that expected for the Kitaev chain. As feedback required to control every step we
use the resonant Andreev conductance, which allows us to track the evolution of the system’s
energy levels. We expect that the step-by-step structure of the tuning algorithm should eliminate
the large number of non-Majorana explanations of the zero bias peaks.

New Journal of Physics 15 (2013) 045020 (http://www.njp.org/)
Eeven or odd ¼ "=2"

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð"=2Þ2 þ v2 & 2jv1v2j sinð’1=2Þ

q
;

(8)

where v2 ¼ jv1j2 þ jv2j2 and ’1 ¼ 2Argðv1=v2Þ. The
phase difference is controlled by the flux !1 and up to
constant phase shift, we can write ’1 ¼ !1=!0, with !1

being the flux in loop 1 and!0 ¼ h=2e. Note that Eq. (8) is
4! periodic in ’1 [27].

Again, consider an adiabatic process that transfers an
electron from a dot but this time to the two Majorana states
"1 and "2. Unlike the case with a single MBS, the resulting
rotation of the Majorana system is in general not indepen-
dent of the time spend in the adiabatic process, because of
the energy difference in Eq. (8), see Fig. 2(b). The degen-
eracy is restored only when the phase difference is ’1 ¼
2n! (n integer), which therefore requires tuning the mag-
netic flux!1 [Fig. 2(a)]. At this degeneracy point, v1=v2 is
real which allows the Hamiltonian to be written as

H12 ¼ "~cy~cþ vð~cy " ~cÞ"12; (9)

where a new Majorana operator is defined

"12 ¼
1

v
ðjv1j"1 þ jv2j"2Þ; (10)

and where a common phase is absorbed into the dot-
electron operator ~c ¼ c exp½iArgðv1Þ(. Thus, since the
Hamiltonian (9) has the same form as (3), a dot coupled
to two MBSs reduces (at the degeneracy point) to a dot
coupled to a single Majorana state "12. The conclusion
from above therefore also carries over: by adiabatically
changing the electron number of the dot, the following
rotation is performed

P12:jii ! "12jii: (11)

To understand the rotations that can be generated by
repeated applications of P12 (with different ratios jv1=v2j),
we use the following Pauli matrixes acting on the two level
system spanned by "1 and "2: #x ¼ "1, #y ¼ "2, and
#z ¼ "i"1"2. In this language, the operation P12 makes
a ! rotation around an axis in the x-y plane, but other
rotation angles around lines in the x-y plane cannot
be done. In contrast, when applying a pair P12P

0
12 ¼

ðu"1þv"2Þðu0"1þv0"2Þ ¼ ðuu0þvv0Þþ iðuv0"vu0Þ#z

a rotation around the z axis with tunable angle is per-
formed. A braid operation also rotates around the z axis,
but by an angle restricted to!=2. Instead, using four MBSs
and the even-parity subspace to define a qubit [20], a
universal set of single qubit rotations is in fact generated
by pairs of P operators. Again, P12P

0
12 is a rotation around

the z axis [in the basis fð00Þ; ð11Þg defined below], whereas
P23P

0
23 now gives a rotation around the x axis with a

controllable angle [28].
A special and illuminating case is when the dots couple

with equal strength to two MBSs [jv1j ¼ jv2j in Eq. (10)],
which results in operators Fi ¼ 1ffiffi

2
p ð"i þ "jþ1Þ acting

on nearest neighbors. They are related to braid operators
Bi ¼ 1ffiffi

2
p ð1þ "iþ1"iÞ [26] by Bi ¼ Fi"i ¼ "iþ1Fi. The Fi

operators fulfill F2
i ¼ 1 and

FiFj ¼ "FjFi; ji" jj> 1 (12a)

FiFiþ1Fi ¼ "Fiþ1FiFiþ1; (12b)

which differs by a minus sign from the relations defining
the braid group [1]. As a side remark, Fi form a projective
representation of the permutation group [29].
To demonstrate the non-Abelian nature of the tunnel-

braid operations, consider now an explicit example with
four Majorana states and three dots. The state of the
superconductor is initialized by tuning the dots and the
magnetic field to fuse Majorana pairs (1, 2) and (3, 4) and
letting them relax. The initial state is j00i ¼ j0iM12j0iM34,
referring to the occupation of the fermions, d1 ¼ ð"1 þ
i"2Þ=2 and d2 ¼ ð"3 þ i"4Þ=2. We will consider applica-
tions of pairs of Fi and hence restrict to the subspace
of even parity, spanned by j00i and j11i ¼ dy2d

y
1 j00i. The

possible unitary transformations are given by

ðF1F2Þeven ¼ ½ðF2F3Þeven(T ¼ 1ffiffiffi
2

p
"
1 "i
1 i

#
; (13)

FIG. 2 (color online). (a) A one-dimensional array of
Majorana states (M1; . . . ;Mn) coupled to quantum dots (D1,
D2,. . .) in the Coulomb blockade regime. Each dot is tunnel
coupled to two Majorana states with tunnel barriers [controlled
by the gates adjacent to the plunger gates (G1, G2,. . .)].
Changing the occupancy of the dots by one electron creates
the unitary rotations Pij. (b) The ground-state energy of one dot
coupled to two Majorana bound states, with jv1j ¼ jv2j for even
(red) and odd (blue) total parity of a dot and its two connecting
MBSs. Even and odd cases are degenerated for ’1 ¼ 2n!,
which makes the Pij operations partially protected. The full
and dashed lines are for "=jv1j ¼ 0 and 2, respectively.
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Figure 2. Panel a): Minimal circuit for flux-controlled demonstration of non-Abelian Majorana statistics. Two large supercon-
ducting plates form a Cooper pair box in a transmission line resonator, i.e. a transmon qubit. Three smaller superconducting
islands are embedded between the two transmon plates. Each superconducting island contains a nanowire supporting two
Majorana bound states. At low energies, the three overlapping Majorana bound states at a T-junction form a single zero mode
so that e↵ectively the system hosts six Majorana bound states, labeled �

A

, �
B

, �
C

, �
D

, �
E

, and �
F

. The Coulomb couplings
between the Majorana fermions can be controlled with magnetic fluxes �

k

. This hybrid device can measure the result of the
braiding operation as a shift in the microwave resonance frequency when the fermion parity i�

A

�
B

switches between even and
odd. Panel b): Sequence of variation of fluxes during the initialization (steps 0–2), braiding (steps 3–8) and measurement (step
9). Panel c): Illustration of the steps required for initialization, braiding and measurement. To unambiguously demonstrate the
non-Abelian nature of Majoranas, one needs to collect statistics of measurement outcomes when the adiabatic cycle describing
the braiding operation (steps 3–8) is repeated n times between initialization and measurement. The probabilities of observing
changes in the cavity’s resonance frequency, p

flip

, for di↵erent values of n should obey the predictions summarized in the table.
The sequence of probabilities shown in the table repeats itself periodically for larger values of n.

a universal set of quantum gates and allows measurement
of any product of Pauli matrices belonging to a selection
of topological qubits. Multi-qubit parity measurements
are a powerful resource in quantum information process-
ing, allowing for the e�cient creation of long-range entan-
glement and direct measurement of stabilizer operators
(thus removing the overhead of ancilla qubits in quan-
tum error correction schemes). Because the data stored
in the register can be accessed in any random order, it
truly represents a Random Access Majorana Memory.

The structure of the paper is as follows. In Sec. I we
present the circuit that can demonstrate the non-Abelian
Majorana statistics. In Sec. II we take a longer-term
perspective and describe the Random Access Majorana
Memory, whose potential for quantum computation is
discussed in Sec. III. Finally, we conclude in Sec. IV.

For the benefit of the reader, we include more detailed
derivations and discussions in the Appendices.

I. MINIMAL CIRCUIT FOR THE
DEMONSTRATION OF NON-ABELIAN

STATISTICS

To demonstrate non-Abelian Majorana statistics one
needs to read out the parity of two Majoranas, �

A

and
�
B

, and braid one of these Majoranas �
B

with another
one, �

C

. We seek a transmon circuit that can combine
these operations in a fully flux-controlled way, by acting
on the Coulomb coupling of the Majoranas. Since �

B

must be coupled first to one Majorana (for the braiding)
and then to another (for the readout), it must be able

5

that the dependence of the Coulomb coupling on the flux
is governed by macroscopic electrical properties (capaci-
tance of the island, resistance of the Josephson junction).
Tunnel couplings, in contrast, require microscopic input
(separation of the Majorana fermions on the scale of the
Fermi wave length), so they tend to be more di�cult to
control.

Both Ref. [18] and the present proposal share the fea-
ture that the gap of the topological superconductor is not
closed during the braiding operation. (The measurement-
based approach to braiding also falls in this category
[25].) Two other proposals [17, 19] braid the Majorana’s
by inducing a topological phase transition (either by elec-
trical or by magnetic means) in parts of the system. Since
the excitation gap closes at the phase transition, this may
be problematic for the required adiabaticity of the oper-
ation.

The braiding operation is called topologically pro-
tected, because it depends on the o↵/on sequence of
the Coulomb couplings, and not on details of the tim-
ing of the sequence. As in any physical realization of a
mathematical concept, there are sources of error. Non-
adiabaticity of the operation is one source of error, stud-
ied in Ref. [26]. Low-lying sub-gap excitations in the
superconducting island break the adiabatic evolution by
transitions which change the fermion parity of the Majo-
rana’s.

Another source of error, studied in Appendix B, is gov-
erned by the o↵/on ratio U

min

/U
max

of the Coulomb
coupling. This ratio depends exponentially on the ra-
tio of the charging energy EC and the Josephson en-
ergy EJ of the junction to the bulk superconductor. A
value EJ/EC ' 50 is not unrealistic [7], corresponding
to U

min

/U
max

' 10�5.

The sign of the Coulomb coupling in the on state
can be arbitrary, as long as it does not change during
the braiding operation. Since U

max

/ cos(⇡q
ind

/e), any
change in the induced charge by ±e will spoil the opera-
tion. The time scale for this quasiparticle poisoning can
be milliseconds [27], so this does not seem to present a
serious obstacle.

A universal quantum computation using Majorana
fermions requires, in addition to braiding, the capabil-
ities for single-qubit rotation and read-out of up to four
Majorana’s [1]. The combination of Ref. [8] with the
present proposal provides a scheme for all three opera-
tions, based on the interface of a topological qubit and
a superconducting charge qubit. This is not a topolog-
ical quantum computer, since single-qubit rotations of
Majorana fermions lack topological protection. But by
including the topologically protected braiding operations
one can improve the tolerance for errors of the entire
computation by orders of magnitude (error rates as large
as 10% are permitted [9]).

A sketch of a complete device is shown in Fig. 5.

FIG. 5: Josephson junction array containing Majorana
fermions. The magnetic flux through a split Josephson junc-
tion controls the Coulomb coupling on each superconducting
island. This device allows one to perform the three types of
operations on topological qubits needed for a universal quan-
tum computer: read-out, rotation, and braiding. All opera-
tions are controlled magnetically, no gate voltages are needed.
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Appendix A: Derivation of the Majorana-Coulomb
Hamiltonian

1. Single island

Considering first a single island, we start from the
Cooper pair box Hamiltonian (2) with the parity con-
straint (5) on the eigenstates. Following Ref. [21], it is
convenient to remove the constraint by the unitary trans-
formation

H̃ = ⌦†H⌦, ⌦ = exp[i(1� P)�/4]. (A1)

The transformed wave function  ̃(�) = ⌦† (�) is then
2⇡-periodic, without any constraint. The parity operator
P appears in the transformed Hamiltonian,

H̃ =
1

2C

�
Q+ 1

2

e(1� P) + q
ind

�
2 � EJ cos�. (A2)

For a single junction the parity is conserved, so eigen-
states of H are also eigenstates of P and we may treat
the operator P as a number. Eq. (A2) is therefore the
Hamiltonian of a Cooper pair box with e↵ective induced
charge q

e↵

= q
ind

+ e(1 � P)/2. The expression for the
ground state energy in the Josephson regime EJ � EC

van Heck, et al.
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