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Since 2012, new fabrication
developments have allowed to
produce much improved
samples, very good
semiconductor/superconductor
contacts and much cleaner
data (hard gaps, etc).

Zero bias anomalies are
extremely robust.
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RECENT EXPERIMENTAL DEVELOPMENTS IN MAJORANA NANOWIRES:
EPITAXIAL DEVICES

2012 (Kouwenhoven, Delft)  Breakthrough epitaxial Al-InAs wires 2015 (Peter Krogstrup, Jesper
Science 336, 1003,2012. Nygard, Charlie Marcus @Copenhagen)
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RECENT EXPERIMENTAL DEVELOPMENTS IN MAJORANA NANOWIRES:
EPITAXIAL DEVICES

2012 (Kouwenhoven, Delft) epitaxial Al-InAs heterostructure 2016 (Marcus,
Copenhagen)
Phys. Rev. Lett. 119, 176805 (2017)

Science 336, 1003, 2012.
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samples, very good
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RECENT EXPERIMENTAL DEVELOPMENTS IN MAJORANA NANOWIRES:
EPITAXIAL DEVICES

2012 (Kouwenhoven, Delft) epitaxial Al-InSb wires (Kouwenhoven, Delft)
Science 336, 1003, 2012. Nature 548 434 (2017)
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These wires also show very good Andreev enhancement and 2e2/h

Since 2012, new fabrication /BAs were claimed (Hao Zhang et al, Nature March 2018)

developments have allowed to
produce much improved
samples, very good
semiconductor/superconductor
contacts and much cleaner
data (hard gaps, etc).

0 1
didV (2e7N) —l—

Y (mV)

Zero bias anomalies are
extremely robust.

JIdV
(224h)
1
*
.

raveswweesss

J
0
T — ———




Retraction two years later
(in March 2020)
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Quantized Majorana conductance

Hao Zhang'#, Chun-Xiao Liu**, Sasa Gazibegovic*, Di Xu!, John A. Logan*, Guanzhong Wang!, Nick van Loo!,
JouriD. S. Bommer!, Michiel W. A. de Moor!, Diana Car?, Roy L. M. Op het Veld?, Petrus J. van Veldhoven?, Sebastian
Marcel A. Verheijen®?, Mihir Pendharkar®, Daniel J. Pennachio®, Borzoyeh Shojaei*’, Joon Sue Lee’, Chris J. Palmst

Erik P. A. M. Bakkers?, S. Das Sarma? & Leo P. Kouwenhoven®®

Majorana zero-modes—a type of localized quasiparticle—hold
great promise for topological quantum computing’. Tunnelling
spectroscopy in electrical transport is the primary tool for
identifying the presence of Majorana zero-modes, for instance
as a zero-bias peak in differential conductance®. The height of
the Majorana zero-bias peak is predicted to be quantized at the
universal conductance value of 2¢?/h at zero temperature® (where
e is the charge of an electron and h is the Planck constant), as a
direct consequence of the famous Majorana symmetry in which a
particle is its own antiparticle. The Majorana symmetry protects
the quantization against disorder, interactions and variations
in the tunnel coupling®->. Previous experiments®, however, have
mostly shown zero-bias peaks much smaller than 2¢*/h, with a
recent observation” of a peak height close to 2¢?/h. Here we report a
quantized conductance plateau at 2¢*/h in the zero-bias conductance
measured in indium antimonide semiconductor nanowires covered
with an aluminium superconducting shell. The height of our zero
bias peak remains constant despite changing parameters such as
magnetic field and tunnel coupling, indicating that it is a qu;
conductance plateau. We distinguish this quantized Majora

supports the existence of Majorana zero-
consequently paving the way for future brai
could lead to topological quantum computin|

A semiconductor nanowire couple
tuned into a topological superconduc
modes localized at the wire ends"®°. Tun
ng density-of-states, that
is, a zero-bias peak (ZBP) i conductance (dI/dV)>°.
This tunnelling process i

quantized at
strength’~>.
direct reg

, irrespective of the precise tunnelling
ature of this perfect Andreev reflection is a
own Majorana symmetry property ‘particle

LIC@wrobust conductance quantization has not yet been
observet ;71> Instead, most of the ZBPs have a height consider-
ably less thah 2¢%/h. This discrepancy was first explained by thermal
averaging'®~!8, but that explanation does not hold when the peak width
exceeds the thermal broadening (about 3.5k T)'>!%, In that case, other
averaging mechanisms, such as dissipation'®, have been invoked. The
main source of dissipation is a finite quasiparticle density-of-states

Substantial advances have been achie
improving the quality of materials, el
face roughness?*?!, and better control

isorder and inter-
. 2223
b

y a ulin superconducting aluminium shell
cates’ (coral red) are used to induce a tunnel

I stiell. The right contact is used to drain the current
chemical potential in the segment covered with Al can

er-gates. As B increases, two levels detach from the gap edge
t about 0.2meV), merge at zero bias and form a robust ZBP. This is
consistent with the Majorana theory: a ZBP is formed after the Zeeman
energy closes the trivial superconducting gap and re-opens a topological
gap®’. The gap re-opening is not visible in a measurement of the local
density-of-states because the tunnel coupling to these bulk states is
small?>. Moreover, the finite length (about 1.2 jum) of the proximitized
segment (that is, the part that is superconducting because of the
proximity effect from the superconducting Al coating) results in
discrete energy states, turning the trivial-to-topological phase transition
into a smooth crossover?®. Figure 1c shows two line-cuts from Fig. 1b
extracted at 0T and 0.88 T. Importantly, the height of the ZBP reaches
the quantized value of 2¢?/h. The line-cut at zero bias in the lower
panel of Fig. 1b shows that the ZBP height remains close to 2¢%/h over a
sizable range in B field (0.75-0.92T). Beyond this range, the height
drops, most probably because of a closure of the superconducting gap
in the bulk Al shell.

We note that the sub-gap conductance at B=0 (black curve, left
panel, Fig. 1c) is not completely suppressed down to zero, reminiscent
of a soft gap. In this case, however, this finite sub-gap conductance does
not reflect any finite sub-gap density-of-states in the proximitized wire.
It arises from Andreev reflection (that is, transport by dissipationless
Cooper pairs) due to a high tunnelling transmission, which is evident
from the above-gap conductance (dI/dV for V>0.2mV) being larger
than e?/h. As this softness does not result from dissipation, the Majorana
peak height should still reach the quantized value®”. In Extended Data
Fig. 1, we show that this device tuned into a low-transmission regime,

1QuTech and Kavli Institute of NanoScience, Delft University of Technology, 2600 GA Delft, The Netherlands. 2Condensed Matter Theory Center and Joint Quantum Institute, Department of Physics,
University of Maryland, College Park, Maryland 20742, USA. 3Department of Applied Physics, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands. *Materials Engineering,
University of California Santa Barbara, Santa Barbara, California 93106, USA. ®Philips Innovation Services Eindhoven, High Tech Campus 11, 5656AE Eindhoven, The Netherlands. ®Electrical and
Computer Engineering, University of California Santa Barbara, Santa Barbara, California 93106, USA. “California NanoSystems Institute, University of California Santa Barbara, Santa Barbara,

California 93106, USA. 8Microsoft Station Q Delft, 2600 GA Delft, The Netherlands.
*These authors contributed equally to this work.

74 | NATURE | VOL 556 | 5 APRIL 2018

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Retraction two years later
(in March 2020) s ot e

0 1
AV (22°/F) | —— Hao Zhang*,*2 * Michiel W.A. de Moor*,* 2 Jouri D.S. Bommer*,2 Di Xu,* 2 Guanzhong

Wang,* 2 Nick van Loo,* 2 Chun-Xiao Liu,> % Sasa Gazibegovic,® John A. Logan,® Diana Car,’
Roy L. M. Op het Veld, Petrus J. van Veldhoven,® Sebastian Koelling?® Marcel A. Verheijen,®
Mihir Pendharkar,” Daniel J. Pennachio,® Borzoyeh Shojaei,® ® Joon Sue Lee®,2 Chris J.

Palmstrgm,® 78 Erik P.A.M. Bakkers, ® S. Das Sarma,* Leo P. Kouwenhoven® 2 %'

Q 1.5
dV (2¢*/ - @
(a) di/dVv (2« /h) (8)

V (mV)
o
[

dijdV (2¢° k)

(

o
e

L

lsscscsssbsaune s Vg = -7.74 V
1 L
02 0 0.2

VvV {mV)

e

‘\

o

o
V (mV)

o

2
0 0.2 0.4 0.5 0.3 1.0 02
2(T) {

o
S

—
-

S
S
N

vV mV)
©

: | = Vie=-7mav . ..F
— e = -T B0V
- Vie=-7T92V

—

Q.

—
h)

dl iV (2% )

di /dV (2e°/

B(T) B (T)

Zero energy crossings of Andreev levels and/or smooth confinement can mimic

this behavior (reported theoretically many years before the retraction). “cSsIC
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THE NAGGING QUESTION:

IS THIS ZERO MODE A MAJORANA OR IS IT AN
ANDREEV LEVEL?
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THE NAGGING QUESTION:

IS THIS ZERO MODE A MAJORANA OR IS IT AN
ANDREEV LEVEL?

o Chi I’ha visto ? P
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teorica all’ Univer-
sita di Napoli, e
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al R. P. E. Maria-
neccl, Viale Regina Margherita 66 -
Roma.
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ANDREEV BOUND STATES OR MAJORANAS! “CSIC -

NATURE REVIEWS | PHYSICS

'From Andreev to Majorana bound
states in hybrid superconductor—
semiconductor nanowires

Elsa Prada® '™, Pablo San-Jose®?, Michiel W. A. de Moor3, Attila Geresdi?,
Eduardo J. H. Lee', Jelena Klinovaja®, Daniel Loss* Jesper Nygard®>®, Ramoén Aguado?
and Leo P Kouwenhoven>°

Abstract | Inhomogeneous superconductors can host electronic excitations, known as Andreev
bound states (ABSs), below the superconducting energy gap. With the advent of topological
superconductivity, a new kind of zero-energy ABS with exotic qualities, known as a Majorana
bound state (MBS), has been discovered. A special property of MBS wavefunctions is their non-
locality, which, together with non-Abelian braiding, is the key to their promise in topological
quantum computation. We focus on hybrid superconductor—-semiconductor nanowires

as a flexible and promising experimental platform to realize one-dimensional topological
superconductivity and MBSs. We review the main properties of ABSs and MBSs, state-of-the-art
techniques for their detection and theoretical progress beyond minimal models, including
different types of robust zero modes that may emerge without a band-topological transition.

Nature Reviews Physics volume 2, pages 575-594 (2020)


https://www.nature.com/natrevphys

THERE IS A NAGGING DEBATE ABOUT MAJORANAS IN HYBRID NANOWIRES
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Finite A: quasiparticle excrtations above the gap induce Kondo correlations
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TVME Y COMNEERTS:

« PEAKS IN ANDREEV CONDUCTANCE dI/dV MEASURE SUBGAP EXCITATIONS
« CHANGES IN THE GROUND STATE ARE SIGNALED AS ZERO-ENERGY CROSSINGS OF SUCH SUBGAP STATES
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TVME Y COMNEERTS:

« PEAKS IN ANDREEV CONDUCTANCE dI/dV MEASURE SUBGAP EXCITATIONS
« CHANGES IN THE GROUND STATE ARE SIGNALED AS ZERO-ENERGY CROSSINGS OF SUCH SUBGAP STATES

Iy , ES=excited state
GS=ground state
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GS=ground state

ES_

I

The energy of the subgap state (transition)
decreases as we move towards the boundary
by varying some external parameter
(here the QD level position)
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Eventually it reaches zero at the boundary: zero
energy crossing
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PUBLISHED ONLINE: 15 DECEMBER 2013 | DOI: 10.1038/NNANO.2013.267

Experimentally, this is seen as resonates in Andreev
conductance (red lines) that cross zero voltage

Spin-resolved Andreev levels and parity crossings
in hybrid superconductor-semiconductor
nanostructures

Eduardo J. H. Lee', Xiaocheng Jiang?, Manuel Houzet!, Ramon Aguado?, Charles M. Lieber?
and Silvano De Franceschi'*
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NON-TRIVIAL GATE DEPENDENCE OF THE ZEEMAN SPLITTING
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nature ARTICLES

nanOteChn01Ogy PUBLISHED ONLINE: 15 DECEMBER 2013 | DOI: 10.1038/NNANO.2013.267

Spin-resolved Andreev levels and parity crossings
in hybrid superconductor-semiconductor
nanostructures

Eduardo J. H. Lee', Xiaocheng Jiang?, Manuel Houzet', Ramon Aguado?, Charles M. Lieber?
and Silvano De Franceschi'

« PEAKS IN ANDREEV CONDUCTANCE dl/dV MEASURE THESE SUBGAP EXCITATIONS
B=0 B +#0

Zeeman splitting 1s gate dependent. Full agreement with theory.



ZERO-BIAS ANOMALIES AS A FUNCTION OF MAGNETIC FIELD MIMIC MAJORANAS! |
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NOVEL GEOMETRIES: FULL SHELL NANOWIRES
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TOPOLOGICAL MATTER

Experiment

Flux-induced topological superconductivity in

full-shell nanowires

S. Vaitiekénas’, G. W. Winkler?, B. van Heck?, T. Karzig?, M.-T. Deng’, K. Flensberg?, L. I. Glazman®,

C. Nayak?, P. Krogstrup, R. M. Lutchyn?*, C. M. Marcus*

Vaitiekénas et al., Science 367, eaav3392 (2020)

27 March 2020



NOVEL GEOMETRIES: FULL SHELL NANOWIRES
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Vaitiekénas et al., Science 367, eaav3392 (2020) Valentini et al., Science 373, 82-88 (2021)

MESOSCOPIC PHYSICS

Nontopological zero-bias peaks in full-shell

TOPOLOGICAL MATTER

Flux-induced topological superconductivity in nanowires induced by flux-tunable Andreev states
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Article 442 | Nature | Vol 612 | 15 December 2022 di/av (G,)

Majorana-like Coulomb spectroscopy inthe
absence of zero-bias peaks
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Andreev subgap levels can also mimic Majoranas in Coulomb blockade
spectroscopy of floating nanowire islands with finite charging energy.



TAKE HOME MESSAGE |
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e Distinguishing Majorana bound states from other subgap states from non-topological
origin (Andreev,Shiba) in current spectroscopy experiments is probably hopeless.

* “Zero bias anomaly” endless controversy....

Chi U’ha visto ?

Litore Majorana
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teorica altl® Univer-
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necct, Viale Regina Margherita 66 -
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» So far; only "bad news' In the talk:

Andreev/Shiba subgap levels can
mimic Majoranas and it's almost
impossible to unambiguously discern
them using transport spectroscopy.
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Good News, while figuring out how to create and detect
Majoranas we got two very important outputs:

* Amazing improvement in material growth of semi-super
hybrids

* Very good understanding of the physics of NS junctions,
superconducting quantum dots, and their subgap physics in

these hybrids

We can use this progress to explore novel qubits using these
hybrid platforms: NEXT
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Nature | Vol 614 | 16 February 2023 | 445
Article

Realization of aminimal Kitaev chainin
coupled quantumdots

Tom Dvir'?*™, Guanzhong Wang'?4, Nick van Loo"?**, Chun-Xiao Liu"?, Grzegorz P. Mazur'?,
Alberto Bordin'?, Sebastiaan L. D. ten Haaf"?, Ji-Yin Wang'?, David van Driel"?,

Francesco Zatelli'?, Xiang Li'?, Filip K. Malinowski'?, Sasa Gazibegovic®, Ghada Badawy?,
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TWO-SITE KITAEV CHAIN USING A DOUBLE QUANTUM DOT SYSTEM
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TWO-SITE KITAEV CHAIN USING A DOUBLE QUANTUM DOT SYSTEM
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