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1d topological SC by proximity

2D Topological
Insulators

Fu & Kane 2008

> signatures of
proximity SC

Yacoby & Molenkamp groups 2013
Kouwenhoven & Wegscheider 2014

Semiconductor

Quantum Wires

Lutchyn et al. 2010
Oreg, Refael, FvO 2010

» possible signatures
of Majoranas

Kouwenhoven group 2012 & Xu,

Heiblum, Marcus, deFrancesci etc.

Magnetic
Adatom Chains

Nadj-Perge et al. 2013

» possible signatures
of Majoranas

Yazdani group 2014

Franke group, Meyer group 2015
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Magnetic adatoms on SC

2014

v’ conventional super-
conducting host
v spin polarization
(Fe adatoms)
v strong SO coupling

(Pb substrate) Fe on Pb 110
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Observations

= zero bias peak at chain end
= soft gap along chain
= |ocalization of end states
over a few Fe sites
= additional subgap peaks at
nonzero energy
adatoms order ferromagnetically

scale bar 1nm
see also:

Ruby et al.,
PRL 115, 197204 (2015)

Pawlak et al.,
arXiv:1505.06078 (2015)
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High resolution measurements
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Majorana ?

Majorana Fermions in Chiral Topological Ferromagnetic Nanowires arXiv:1410.5412v1

Eugene Dumitrescu', Brenden Roberts!, Sumanta Tewari'!, Jay D. Sau?, and S. Das Sarma?

and the prediction of a multiple Majorana based fractional Josephson effect. A critical comparison of our results
with the experimental data shows a basic inconsistency in the interpretation of the Fe nanowire STM experiment
in terms of Majorana zero modes— in particular, the observation of the precise localization of the Majorana zero
modes at the wire ends cannot be reconciled with the extremely small topological superconducting gap (and the
associated extremely weak Majorana tunneling peak) observed simultaneously. Other than this rather disturbing

Observation of Majorana fermions in ferromagnetic atomic chains on a

superconductor.

Authors: Stevan Nadj-Perge, Ilya K. Drozdov, Jian Li, Hua Chen, Sangjun Je - th

Seo, Allan H. MacDonald, B. Andrei Bernevig, and Ali Yazdani , Science E| €M — A ~ EPb
Published online 2 October 2014 [DOI:10.1126/science.1259327] top

Recommendation and commentary by Patrick Lee.

hybridize to form convention fermions with a finite energy splitting Eo. This expectation

seems at variance with the experimental observation of a rapid decay of the end state é’ ~ 1nm
wavefunction. While the authors offer numerical calculations to explain this rapid decay. the M

energy gap they used is far too large to be realistic. We believe this short distance physics is

not yet fully understood. but the long distance behavior must still be controlled by the f pp~ 100nm u
coherence length. To make further progress. it 1s important to go to the lower temperature to
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Cobalt chains

v' conventional super-
conducting host
v' spin polarization
(Fe adatoms)
v' strong SO coupling
(Pb substrate)

Why do Majoranas seem
missing in Co chains?
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Kitaev chain

spinless p-wave superconductor in 1d

H = _tz[ci+ci+1 +cip ] + AZ[Ci+Ci+1+ + Cip16i) — Hz Eic;
i

i

i

A. Kitaev, Phys. Usp. 44, 131 (2001)

r e
K » zero-energy Majorana bound
\ » states
\ k > localized at domain walls between
trivial and topological phase

» Majoranas can be moved by
moving domain wall Alicea et al. 2011

X

u <-2t

=
|
-
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Finite Kitaev chain

H = _tz[ci+ci+1 + i1l + A2[0i+ci+1+ + Ci+1Ci] — HZ citey

i i i

3 O O
i /\ VB] + lyA] _
© 9J[e 9o oJe o H=—u), iy
N
o Ya1 YBN H = _tzjzli VBjYaj+1
I oo oo oo oo
f', dj = Yaj+1 T IVBj B tzj=1(2dj 4= 1)
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Single magnetic impurity on SC

Progress of Theoretical Physics, Vol. 40, No. 3, September 1968

Classical Spins in Superconductors

Hiroyuki SHIBA™

Gd, Fe...
Pb ‘ /

H =¢&1,+VE(@)T, — ]S 066(r) + Aty

9 9
> B —+A l—a“+p3

V(1= a2+ 52)? + 402

Shiba
_ cos(kpr=6) _,
states ~ ¥ ko€ /°E

» spin polarized

S|9A3]|-p 24

21eJ41sgns qd

S|9A3|-p 24
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Probing Shiba bound states
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Superconducting tip

Mn on Pb(111)

M Ruby, F Pientka, Y Peng, FvO, B Heinrich,
K Franke, PRL 115, 087001 (2015)
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Towards impurity chains

Shiba limit: Wire limit:
weak hopping strong hopping
Pb \ Pb /
 Weakly coupled d-levels « Strong d-level hybridization
« Shiba-state hybridization - d-levels no longer frozen out
« Impuritiy chain: Shiba bands  Prone to spinless p-wave SC

—
EF """""""""""""""""
¢\/¢N leV
Nadj-Perge et al. PRB 2013; Li et al. PRB 2014;
Pientka, Glazman, FvO, PRB 2013 & 2014 Peng, Pientka, Glazman, FvO, PRL 2015
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Chain of Anderson impurities

Hamiltonian

Hd = Z Eddj0'+dj0' + z U’I’le lel — Wz ldj+1’a+ djO' + dj0'+ dj+1’0-]
J jo

jo

H =Hd+HSC+thb

Hugp = =t ) [1bs" (R))djo + dio 1o (R))]
jo

= mean-field

Zj Uan nj, — Z]- U(n]-T)n]-¢+Z]- Uan(njl)

v' take FM ‘order' as experimental fact; no self consistency
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Topological phase diagram

Peng, Pientka, Glazman, FvO, PRL 114, 106801 (2015)

/ wire limit

Shiba limit
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Shiba limit

Pientka, Glazman, FvO, PRB 88, 155420 (2013) & PRB 89, 180505(R) (2014)

o

'T‘ « deep Shibas: project out gp continuum
« weakly hybridized Shiba stands form
Shiba bands
« proximity-induced p-wave pairing
in Shiba bands when Shiba bands
cross Fermi energy (Kitaev chain)
 ALSO: long range hopping & pairing
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Wire limit

Nadj-Perge et al. Science 2014; Li et al. PRB 2014

Pb 4 /

« focus on spin-polarized (!) bands
near Eg

« proximity-induced p-wave pairing

« description by continuum version
of Kitaev chain (spinless p-wave
SC)

« ALSO: strong coupling to SC
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Strong Majorana localization

Majorana localization:
hUF

<M

Atop

Physical idea:

= SC acts as delay line for subgap excitations of ‘wire'
= renormalization of Fermi velocity by A/T"~1073

- )

Ny

Peng, Pientka, Glazman, FvO, PRL 114, 106801 (2015)
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& more formally

Green function of wire electrons

coupling to the bulk SC:
5(k, w) = z £2Goo (K, w)

ky

Z 1

N QRGO S

Aipng= 2T
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Explicit model calculations

= small compared to &,

= of order adatom spacing
for '~1eV, A~10K, and
AindNO.lA

additional power-law
tail which grows w/ I’

consistent with experiment ...
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Probing Majorana bound states

... but is it really Majorana bound state in experiment ?

STM probes of Majorana:
= spectral & spatial resolution v~

» quantized conductance: 2e2/h X

— thermal broadening
— quasiparticle poisoning
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Superconducting tip/lead

SC tip = thermal quasiparticles suppressed

exponentially by SC gap

= broadening by quasiparticle
poisoning less malignent
due to coupling to BCS singularity

= double resonance of Andreev
processes for Majorana state

= two Majorana peaks: t

» peak quantization ?
» symmetry ?
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Symmetry of Majorana peaks

 Majorana wf is particle-hole symmetric: u=v*
« symmetry of BCS peaks in DOS

normal tip SC tip (Pb on Pb) Shiba states

T T T T A —

1.2

0.8

p o BareNb
§ —— BCSfit 1
04 p E

Yazdani et al. Science 1997 Franke group Franke group 2015

Majorana peaks should be symmetric!
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Majorana symmetry

100 - YN

2 *'
3
[
1
2
Energy (meV) sample bias (mV)
Yazdani group Ruby, Pientka, Peng, FvO, Heinrich, Franke,
Science 2014 PRL 115, 197204 (2015)
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Experiment

 Majorana peaks overlap w/
finite-energy peaks at ~80ueV

« previously unresolved

« indication for smaller induced gap

« BUT: could explain asymmetry

sample bias (mV) Ruby, Pientka, Peng, FvO, Heinrich, Franke,
PRL 115, 197204 (2015)
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Yazdani lab
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Conductance quantization

O, i .
O Majorana non-Majorana
r
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<L

Y Peng, F Pientka, Y Vinkler-Aviv, L Glazman, FvO, PRL 115, 266804 (2015)

Majorana fermions 29



Orbital picture of Shiba multiplets

Mn on Pb (001)

Multiplicity of Shiba states:

* Mn**in 655, configuration

« scatters in I=2 channel

« splitting according to crystal
field

« explains d-orbital shape &
Shiba multiplicity

« ALSO: Mn on Pb(111)

Ruby, Peng, FvO, Heinrich, Franke, PRL 117, 186801 (2016)
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Shiba molecules

dimer

Ruby, Peng, FvO, Heinrich, Franke, unpublished
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Fe d-levels in adatom chains

Nadj-Perge et al. Science 2014,
Li et al. PRB 2014

« overlap of Fe d-levels!
« Slater-Coster parameters
« odd number of channels
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Cobalt chains — magn. properties

Co on Pb(110) Spin polarization: eV=-850ueV

Spin polarization: eV=170meV

spin-polarized d bands spin-polarized Shiba states
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Cobalt chains

M Ruby, B Heinrich, Y Peng, FvO, K Franke, Nano Lett. 17, 6 (2017)
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Cobalt chains

Cobalt:
[Ar] 3d7 4s2

Compare: Fe
[Ar] 3d°® 4s2

1d band structure (see also Li et al. PRB 2014)
« Slater-Coster tight binding

* s-bands empty into Pb substrate

« even number of channels

M Ruby, B Heinrich, Y Peng, FvO, K Franke, Nano Lett. 17, 6 (2017)
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Towards nonabelian statistics

S
S8
| § Adatom Semiconductor
= chain quantum wires
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2012
zero-energy
Majoranas
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Conclusions

= |ocalization of Majorana bound states: strong coupling
to superconductor strongly renormalizes Majorana
localization length
Y Peng, F Pientka, L Glazman, FvO, PRL 114, 106801 (2015)

Superconducting lead/tip: symmetry of conductance
peaks at eV==%A

M Ruby, F Pientka, Y Peng, FvO, B Heinrich, K Franke, PRL 115, 197204 (2015)
M Ruby, F Pientka, Y Peng, FvO, B Heinrich, K Franke, PRL 115, 087001 (2015)

Superconducting lead/tip: universal conductance peaks
at eV==xA and plateau behavior

Y Peng, F Pientka, Y Vinkler-Aviv, L Glazman, FvO, PRL 115, 266804 (2015)

Orbital picture of Yu-Shiba-Rusinov multiplets

M Ruby, Y Peng, FvO, B Heinrich, K Franke, PRL 186801 (2016)
& unpublished

Apparent absence of Majorana bound states in cobalt chains
M Ruby, B Heinrich, Y Peng, FvO, K Franke, Nano Lett. 17, 6 (2017)
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