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Spin Qubits
Superconducting Qubits
1. Communication

2. Simulators

3. Sensors

4. Computers

A Core technology of quantum
repeaters

A Simulator of motion of
electrons in materials

B Secure point-to-point
quantum links

B New algorithms for quantum
simulators and networks

A Quantum sensors for niche
applications (incl. gravity and
magnetic sensors for health
care, geosurvey and security)

A Operation of a logical qubit
protected by error correction
or topologically

0 – 5 years

Topological Qubits (Majorana)

B More precise atomic clocks
for time stamping of
high-frequency financial
transactions

Atomic chains

B New algorithms for quantum
computers
C Small quantum processor
executing technologically
relevant algorithms

5 – 10 years
C Quantum networks between
distant cities

C Development and design of
new complex materials

D Quantum credit cards

D Versatile simulator of quantum
magnetism and electricity

C Quantum sensors for larger
volume applications including
automotive, construction

Semiconducting nanowires

D Handheld quantum navigation
devices

> 10 years

Epitaxial semiconductors
E Quantum repeaters
with cryptography and
eavesdropping detection

F Secure Europe-wide internet
merging quantum and
classical communication

E Gravity imaging devices based
on gravity sensors

E Simulators of quantum
dynamics and chemical
reaction mechanisms to
support drug design

F Integrate quantum sensors
with consumer applications
including mobile devices

2D crystals?
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D Solving chemistry and
materials science problems
with special purpose quantum
computer > 100 physical qubit

E Integration of quantum circuit
and cryogenic classical control
hardware
F General purpose quantum
computers exceed
computational power of
classical computers

same bulk and edge phenomenology presented in this work
proximity to a conventional superconductor gives rise to
[31]. Corrections beyond the mean field and the Hubbard
a one-dimensional TS along the interface [14]. Graphene’s
model have been explored theoretically in the past and have
negligible spin-orbit coupling, however, has proved to be a
predicted the formation of a Luttinger liquid domain on an
fundamental roadblock in this program.
infinite vacuum edge [34]. The corresponding excitation
In this work, we present a simple mechanism to realize
density resembles the noninteracting edge for F order,
the above situation in graphene without recourse to spinrather than the AF case. The interacting problem at a highly
orbit coupling. We consider a graphene ribbon in the
transparent superconducting contact remains an open
quantum Hall (QH) regime, in which, unlike in the QSH
problem. We conjecture that, given their robust topological
case, time-reversal symmetry is broken by a strong magorigin, the Majorana phenomena described here at a meannetic flux (Appendix A). In contrast to conventional twofield level would survive in the Luttinger regime, at least
dimensional electron gases, graphene develops a zero
within a limited range of parameters, and with power-law
Landau level at the Dirac point, which has been shown
corrections to the transport results. These issues, however,
in pristine samples to become split because of electronic
remain beyond the scope of this work.
interactions [24–29]. Experimental evidence [19] points
towards spontaneous antiferromagnetic ordering [30–32],
although other broken symmetries have PHYSICAL
been discussed
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[18]. In this work, we consider all possible magnetic orders.
IN QUANTUM HALL GRAPHENE
Figure 1 summarizes the different possibilities, ranging
Majorana
Zero ModesAn
ininfinite
Graphene
ferromagnetically ordered (θ ¼ 0) ribbon in
from ferromagnetic (F) to antiferromagnetic
(AF) ordering
structure [35] as shown
[33], including canted AF which may1 be controlled
by an 1 vacuum3,4 has a QH mean-field band
2
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Goals

"To develop the basic components for graphene-based
topological qubits"

Topological superconductivity and Majoranas in graphene

P. San-Jose, J. L. Lado, R. Aguado, F. Guinea,

and J. Fernández-Rossier
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A clear demonstration of topological superconductivity (TS) and Majorana zero modes remains one
of the major pending goals in the field of topological materials. One common strategy to generate TS is
through the coupling of an s-wave superconductor to a helical half-metallic system. Numerous proposals
for the latter have been put forward in the literature, most of them based on semiconductors or topological
insulators with strong spin-orbit coupling. Here, we demonstrate an alternative approach for the creation of
TS in graphene-superconductor junctions without the need for spin-orbit coupling. Our prediction stems
from the helicity of graphene’s zero-Landau-level edge states in the presence of interactions and from the
possibility, experimentally demonstrated, of tuning their magnetic properties with in-plane magnetic fields.
We show how canted antiferromagnetic ordering in the graphene bulk close to neutrality induces TS along
the junction and gives rise to isolated, topologically protected Majorana bound states at either end. We also
discuss possible strategies to detect their presence in graphene Josephson junctions through Fraunhofer
pattern anomalies and Andreev spectroscopy. The latter, in particular, exhibits strong unambiguous
the phase
presence
of the Majorana
states in the form
of universal
zero-bias
anomalies.
Remarkable
Sketch, band signatures
structure,ofand
diagram
of a 350-nm-wide
graphene
sample
(Fermi
velocity
vF ¼ 106 m=s) in the quantum
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High-mobility, low-disorder crystals: encapsulation
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Induced superconductivity: clean lateral contacts
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Figure 1: Device structures. a) Van der Waals heterostructures based on graphene allow engineering
materials properties on the atomic scale. By coupling it to SC electrodes (marked by red) topological
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Requirements:
Quantum Spin Hall effect (QSHE)
With spin-orbit coupling (SOC): induced by substrate

38/NNANO.2016.214

Without SOC: bilayer
+ interactions + Quantum Hall
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Dry pickup method for encapsulation (hBN,
TMDC)
Edge contact method (MoRe and NbTiN)
Measurement

FLAG-ERA JTC 2017 Full Proposal

filling factors, a QSH state is formed and coupling to SC contacts should enable the formation on
MBSs. Here, and in the previous method challenges can also lie in controlling the doping close to the
superconducting contacts, which might dope the graphene or screen the electric fields. This could lead
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Work Packages
WP1: Design and optimisation of basic components
Characterise substrate-induced SOC (WSe2)
Optimise SC contacts
Optimise geometries
WP2: engineer QSHE+SC, with SOC induced by substrate
Topological phase diagram (CPR, WAL, Shapiro,
microwave, tunnel…)
FLAG-ERA JTC 2017 Full Proposal
WP3: (Copenhagen),
engineerSilvano
pseudo-QSH+SC
onInteractions
bilayerwithgraphene
in thenetwork
QH regime
de Franceschi (Grenoble).
this extensive scientific
will certainly be valuable in finding solutions to important problems, which arise during the course of
the project.

Topological phase diagram (CPR, WAL, Shapiro, microwave, tunnel…)
List of milestones:
No of
Milestone
M1
M2
M3
M4
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Delivery
month
12
24
30
36

Risk analysis:

WP
involved
1
1
2,3
2,3

Title
QSH state with SC contacts observed
Benchmark of new codes for critical currents
Demonstration of MBSs from ABS measurements
Demonstration of MBSs using current-phase relation
measurements

Resources
Project start
1st May 2018
Project type
Experiment + Theory
Project duration
36 months
Team size
8 + 3 in 3 nodes
Total person/month
198
Total budget
560 K€
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