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Abstract: <span>Topologica phases, quite generally, are

difficult to come by. They either occur under rather extreme conditions (e.g.
the quantum Hall liquids, which require high sample purity, strong magnetic
fields and low temperatures) or demand fine tuning of system parameters, asin
the majority of known topological insulators. Many perfectly sensible
topological phases, such as the Weyl semimetals and topol ogical
superconductors, remain experimentally undiscovered. In thistalk | will
introduce a system in which akey dynamical parameter adjustsitself in
response to the changing external conditions so that the ground state naturally
favors the topological phase. The system consists of a quantum wire formed of
individual magnetic atoms placed on the surface of an ordinary s-wave
superconductor. It realizes the Kitaev paradigm of topological
superconductivity when the wavevector characterizing the emergent spin helix
dynamically self-tunes to support the topologica phase.</span>
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Antimatter

Lo

Ettore Majorana 1938

Matter = Antimatter
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Antimatter

Ettore Majorana 1938

Matter = Antimatter

by Salvador Dali (1958)
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Majorana fermions in topological
superconductors

® Majorana fermions - particles that are identical to
their antiparticles

® Can occur as collective excitations in solids with
unconventional SC pairing.

® Obey non-abelian exchange statistics, can serve as a
platform for fault-tolerant quantum computation.
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NATURE PHYSICS

perspective

Majorana returns

Frank

In his short career, Ettore Majorana made s al profound contributions, One of them, his concept
Majorana fermions particles that are ir own antiparticle — is finding ever wider relevance in

moadern physics.
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Non-Abelian states of matter

Ady Stern
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Majorana fermions

Ordinary fermions {c;r ,Cj} = 0ij

Write in terms of
fermions:

{Vic» Y58} = 0ii0asy 7L, = Yie

Canonical transformation: can be used to recast ANY
fermionic Hamiltonian in terms of Majorana operators
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Majorana fermions

Ordinary fermions  {c!,¢;} =4,

Write in terms of
fermions:

{%‘m’Yjﬁ} s 5’ij6cxﬁ¢ ’Y,ja = i

Canonical transformation: can be used to recast ANY
fermionic Hamiltonian in terms of Majorana operators
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Majorana fermions

Ordinary fermions {CI ,Cj} = 0ij

Write in terms of
fermions:

{Niar Vi } = 0ii0apy 7L, = Via

Canonical transformation: can be used to recast ANY
fermionic Hamiltonian in terms of Majorana operators
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Certain Hamiltonians can support solutions with isolated
localized Majorana fermions

Example: ‘Kitaev 1D model” 71y U a4 o1 (2001)]

o0 0" 0. 0 © 0 0 0 0 0 0 0 o o
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Certain Hamiltonians can support solutions with isolated
localized Majorana fermions

Example: ‘Kitaev 1D model”  [Prys Usp 44, 151 (2001))

G4
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isolated Majoranas
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® Proposed realizations:
a. Moore-Read FQHE
b. Spin-polarized p+ip superconductor
c. TI/SC interface
d. Rashba-coupled semicond. + SC + magnetic insulator
e. 1D quantum wires

Pirsa: 13090071 Page 15/57




® Proposed realizations:
a. Moore-Read FQHE
b. Spin-polarized p+ip superconductor
c. TI/SC interface
d. Rashba-coupled semicond. + SC + magnetic insulator

e. 1D quantum wires

Pirsa: 13090071 Page 16/57




® Proposed realizations:
a. Moore-Read FQHE
b. Spin-polarized p+ip superconductor
c. TI/SC interface
d. Rashba-coupled semicond. + SC + magnetic insulator
e. 1D quantum wires e

S-wave su perconductor
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Experimental realizations

Signatures of Majorana Fermions in
Hybrid Superconductor-Semiconductor
Nanowire Devices

v, Mourik,'* K. Zuo,"* 5. M. Frolov,' §. R, Plissard,” E, P, A, M. Bakkers,'
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Experimental realizations

Signatures of Majorana Fermions in f{i?{-'-:icw LETTERS
Hybrid Superconductor-Semiconductor -
Nanowire Devices

PUBLIVHED ONLING 23 SOPTEMBER 2012 | DO 101038 NIV 2450

The fractional a.c. Josephson effectin a
v, Mourik,'* K. Zuo,'* 5, M. Frolov,' 5. R, Plissard,” £, P, A, M. Bakkers,"" L. P, Kouwenhoven'y semiconductor-superconductor nanowire as a
signature of Majorana particles

A
..?;:a/

Leonid P. Rokhinson'*, Xinyu Liu® and Jacek K. Furdyna’

a
i tor
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Rashba-coupled semiconductor quantum wire

(a brief review)
Lutchyn et al. PRL 2010, Oreg et al. PRL 2010
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Rashba-coupled semiconductor quantum wire

(a brief review)
Lutchyn et al. PRL 2010, Oreg et al. PRL 2010
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Another proposal

[A. Cook and M. Franz, Phys Rev. B84, 201105R (2011)]

Tl nanowire TI nanowire placed on top of
ordinary s-wave SC in

longitudinal applied magnetic
field.
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Another proposal

[A. Cook and M. Franz, Phys Rev. B 84, 201105R (2011)]

Tl nanowire TI nanowire placed on top of
| ordinary s-wave SC in
longitudinal applied magnetic
field.

1. Chemical potential inside the

Majorana fermions * gap (~300meV in BizSes).

No fine tuning: 2. Flux close to 1/2 flux quantum.

3. Robust against non-magnetic
disorder.
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Motivation for v

the present work mﬂ‘hmffé
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Motivation for r

the present work mﬂ‘hm’fé

*Topological states of matter often occur under extreme
conditions or require fine tuning:

»QHE: high-purity samples, strong fields, low T

» T1: must tune chemical composition,doping, strain

» , : experimentally undiscovered

What we desire:
A system that to be topological,
a.k.a. 'self-organized' topological state
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( S Bulletin of the American Physical Society

APS March Meating 2013

physics Volume 58, Number 1

Monday-Friday, March 18-22, 2013. Baltimore, Maryland

Sesslon M12: Topological Insulators: Topological States in
Superconductors
B:00 AM-11:00 AM, Wadnesday, March 20, 2013

Room: 314

ponsoring Unit, DCMP

Chair: Andrew Wray, Lawrence Berkeley National Laboratory
Abstract 10: BAPS 2013 MAR M12.8

Abstract: M12,00008 : Majorana end modes in STM Fabricated
Atomic Chains on the Surface of a Superconductor: Theory \&

Experiment
0:24 AM-0.368 AM

Praview Abstract

Authors
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Proposed system

A chain of magnetic atoms deposited on the surface of an
ordinary s-wave superconductor

SC

wwFd § Wweews
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Proposed system

A chain of magnetic atoms deposited on the surface of an
ordinary s-wave superconductor

SC

eaFd § hwaeos i

It is known that if the adatom moments form a spiral with the
correct pitch then the wire is in the topological phase with
Majorana fermions localized near its ends.

M. Edge, A R. Akhmerov, and C. W Beenakke FrRBE 04
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The Hamiltonian

Hll ":;",,Tf‘,n- M CigCio J '-5,"{(,,7(7‘1”"”1’}
1

L) Ler

H Ho Z[_\Jl}flj L h.e.).

/
with adatom spins forming a coplanar spiral

S, = S[cos (Gx;),sin (Gz;), 0]

A spin-dependent gauge transformation

. 9 ‘Ju("l-; . - y Cr
€l cjres ] Cil cjle -~

brings it to a translation-invariant form.
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effective SOC
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Normal state spectra

2tcosqg
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Normal state spectra

2t cosqg
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Normal state spectra

colq) 2t cosqg

When /tlies inside the Zeeman gap the system becomes a 1D
topological superconductor with Majorana zero modes.
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The wavevector - of the spiral is a dynamical parameter:
it will assume a value that minimizes the system free energy.
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The wavevector - of the spiral is a dynamical parameter:
it will assume a value that minimizes the system free energy.

The static spin susceptibility
x (q) of 1D electron gas has
a peak at 2kr so we expect

Gi Zkf'

(q) f 2m ] ‘_’J',r (]
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Xo\d i I'r'.q 2kp +q
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The wavevector © of the spiral is a dynamical parameter:
it will assume a value that minimizes the system free energy.

The static spin susceptibility
x (q) of 1D electron gas has
a peak at 2kr so we expect

6? Zkf

(q) J" 2m | _,J',r (]
[§ 11
X0AG) m hi%q 2kp +q

But this is exactly the pitch
required for the topological
phase to emerge!
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PHYSICAL REVIEW B 80, 165119 (2009}

Nuclear magnetism and electron order in interacting one-dimensional conductors
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Question: Does spiral order with
persist in the presence of superconductivity?

To address this question
we minimize the ground
state energy Eq(G) of
the system and find
Gmin( 12 ).
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Topological phase diagram

Compute Kitaev's Majorana number

M(H) = sgn[Pf(H(k = 0))Pf(H(k = 7))]
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More elaborate model

*Capture chain-substrate proximity effect

H ‘HEI T HH(' I'"le.f

Hse = Y [fo(k)d],dis + (Aodfyd! | +hoc)]
A.

Hed r ) (dj,cjo +h.c.)

|
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More elaborate model

*Capture chain-substrate proximity effect

H H:l T HH(' t H. d

‘HH‘[' — Z‘:‘”{AT)(I;MT({’\‘-" 4~ (_A“{IL,{/‘ A'l F l](”
A.
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Stability of the topological state
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Stability of the topological state

*Kondo screening - strongly suppressed in SC
*Fluctuations in the SC phase - pinned to 3D bulk
e-e interactions - enhance mag. gap
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Stability of the topological state

*Kondo screening - strongly suppressed in SC
*Fluctuations in the SC phase - pinned to 3D bulk
e-e interactions - enhance mag. gap
*Magnons

»Assume SOC will select a particular plane for the spiral
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PRL 108, 197204

Information Transter by Vector Spin Chirality in Finite Magnetic Chains

i Mer Yurly Mokrouso Robert Wies Wi hick I \ denki sietun BlG

Stetan Heinge, Kirsten
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PRL 108, 197204 20012 i REVIEW LETTERS

Information Transter by Vector Spin Chirality in Finite Magnetic Chains

1y Mokrouso Robert Wies [N bich Elena Vedmedenke viehun Blu
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How do we know this prediction is correct?

lopological Superconductivity and Majorana Fermions in RRKKY Systoms

lelena Klin PPt ) ALY 1 el |

i

Interplay between elassical magnetic moments and superconductivity in guantum
one=dimoensional conductors: toward a sell-sustained topological Majorana phase

superconductor
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Possible signatures of Majorana end modes in Gd wires

self-assembled on (110) surface of crystalline Pb.
A. Yazdani, Erice talk July 16, 2013

Coupling through the bulk (JD) superconductor

Put in some number: ’ ,
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SC g
Conclusions

[arXiv:1307.2279] mﬂ‘ hWﬂf&

*Majorana fermions are expected to
occur in a chain of magnetic adatoms
on a SC substrate

* This requires spiral magnetic order

with a correct pitch G=2k;
*Under a wide range of physical
conditions the spiral pitch &
spontaneously adjusts to produce

the topological phase.
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Possible signatures of Majorana end modes in Gd wires

self-assembled on (110) surface of crystalline Pb.
A. Yazdani, Erice talk July 16, 2013
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Possible signatures of Majorana end modes in Gd wires

self-assembled on (110) surface of crystalline Pb.
A. Yazdani, Erice talk July 16, 2013

Coupling through the bulk (JD) supereonductor
BE (L)~
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