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Majorana fermions
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The failing @nytimes

Majorana fermions

[…]
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1d topological SC by proximity

Majorana fermions

Semiconductor
Quantum Wires

Kouwenhoven group 2012 & Xu, 
Heiblum, Marcus, deFrancesci etc.

Ø possible signatures
of Majoranas

Magnetic
Adatom Chains

2D Topological
Insulators

Ø signatures of
proximity SC

Yacoby & Molenkamp groups 2013
Kouwenhoven & Wegscheider 2014

Yazdani group 2014
Franke group, Meyer group 2015

Fu & Kane  2008 Lutchyn et al. 2010
Oreg, Refael, FvO 2010

Nadj-Perge et al. 2013

Ø possible signatures
of Majoranas
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Magnetic adatoms on SC

Majorana fermions

Fe on Pb 110

ü conventional super-
conducting host

ü spin polarization
(Fe adatoms)

ü strong SO coupling
(Pb substrate) 

2014
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Observations

Majorana fermions

scale bar 1nm

§ zero bias peak at chain end
§ soft gap along chain
§ localization of end states

over a few Fe sites
§ additional subgap peaks at

nonzero energy
§ adatoms order ferromagnetically

see also:
Ruby et al., 
PRL 115, 197204 (2015)

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

Majorana fermions



8

Majorana ?

Majorana fermions

arXiv:1410.5412v1

𝜉" =
ℏ𝑣&
∆()*

	~	𝜉-.

𝜉-.~100𝑛𝑚

𝜉"~1𝑛𝑚 ?
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Cobalt chains

Majorana fermions

Why do Majoranas seem 
missing in Co chains?

ü conventional super-
conducting host

ü spin polarization
(Fe adatoms)

ü strong SO coupling
(Pb substrate) 
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Kitaev chain

Majorana fermions

spinless p-wave superconductor in 1d

ek

k

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

Ø zero-energy Majorana bound 
states 

Ø localized at domain walls between 
trivial and topological phase

Ø Majoranas can be moved by 
moving domain wall Alicea et al. 2011
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Finite Kitaev chain

Majorana fermions
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Single magnetic impurity on SC

Majorana fermions

Gd, Fe…
Pb

D Pb
substrate

Fe
d-levels

ℋ = 𝜉𝐩𝜏L + 𝑉𝛿 𝐫 𝜏L − 𝐽𝐒 R 𝛔𝛿 𝐫 + ∆𝜏T

E0

-E0

Shiba
states

Fe
d-levels

𝜓	~	VWX YZ[\]YZ[
	^_`/bc

Ø

Ø

Ø spin polarized
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Probing Shiba bound states

Majorana fermions

Science 1997
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Superconducting tip

Majorana fermions

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

Mn on Pb(111)
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Towards impurity chains

Majorana fermions

Pb Pb

Shiba limit:
weak hopping

Wire limit:
strong hopping

• Weakly coupled d-levels
• Shiba-state hybridization
• Impuritiy chain: Shiba bands

• Strong d-level hybridization
• d-levels no longer frozen out
• Prone to spinless p-wave SC

Nadj-Perge et al. PRB 2013;
Pientka, Glazman, FvO, PRB 2013 & 2014

~1eV
EF EF

Li et al. PRB 2014; 
Peng, Pientka, Glazman, FvO, PRL 2015
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Chain of Anderson impurities

Majorana fermions
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ü take FM ‘order‘ as experimental fact; no self consistency
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Topological phase diagram

Majorana fermions

Shiba limit

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



18

Shiba limit

Majorana fermions

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

Pb

• deep Shibas: project out qp 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

Majorana fermions

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

• focus on spin-polarized (!) bands 
near EF

• proximity-induced p-wave pairing 
• description by continuum version 

of Kitaev chain (spinless p-wave 
SC)

• ALSO: strong coupling to SC

Pb
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Strong Majorana localization

Majorana fermions

Majorana localization:

𝜉" =
ℏ𝑣&
∆()*

Physical idea:

§ SC acts as delay line for subgap excitations of ‘wire‘
§ renormalization of Fermi velocity by D/G ~ 10-3

SC

1d

G D

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

Majorana fermions

Green function of wire electrons

coupling to the bulk SC:

𝐺 𝑘, 𝐸 =
𝑍

𝐸 − 𝑍𝑣&𝑘𝜏L − 𝑍Γ𝜏T

∆8xd= 𝑍Γ

𝑍 =
1

1 + Γ Δ⁄

Σ 𝑘,𝜔 =6𝑡}𝐺op 𝐤, 𝜔
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Explicit model calculations

Majorana fermions

§

§ small compared to x0

§ of order adatom spacing
for G~1eV, D~10K, and
Dind~0.1D

§ additional power-law 
tail which grows w/ G

consistent with experiment …
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Probing Majorana bound states

Majorana fermions

… but is it really Majorana bound state in experiment ?

STM probes of Majorana:

§ spectral & spatial resolution

§ quantized conductance: 2e2/h

ü g

- thermal broadening
- quasiparticle poisoning
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Superconducting tip/lead

Majorana fermions

§ double resonance of Andreev 
processes for Majorana state

t§ two Majorana peaks:

SC tip
§ thermal quasiparticles suppressed

exponentially by SC gap

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

Ø peak quantization ?
Ø symmetry ?
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Symmetry of Majorana peaks

Majorana fermions

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

Yazdani et al. Science 1997

Majorana peaks should be symmetric!

normal tip

Franke group

SC tip (Pb on Pb) Shiba states

Franke group 2015
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Majorana symmetry

Majorana fermions

Yazdani group
Science 2014

?
Ruby, Pientka, Peng, FvO, Heinrich, Franke, 
PRL 115, 197204 (2015)
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Experiment

Majorana fermions

• Majorana peaks overlap w/ 
finite-energy peaks at ~80µeV

• previously unresolved
• indication for smaller induced gap
• BUT: could explain asymmetry

Ruby, Pientka, Peng, FvO, Heinrich, Franke, 
PRL 115, 197204 (2015)
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Yazdani lab

Majorana fermions
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Conductance quantization

Majorana fermions

Threshold conductance

Majorana non-Majorana

Y Peng, F Pientka, Y Vinkler-Aviv, L Glazman, FvO, PRL 115, 266804 (2015)
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Orbital picture of Shiba multiplets

Majorana fermions

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

Multiplicity of Shiba states:

• Mn++ in 6S5/2 configuration
• scatters in l=2 channel
• splitting according to crystal 

field
• explains d-orbital shape & 

Shiba multiplicity
• ALSO: Mn on Pb(111)

Mn on Pb (001)
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Shiba molecules

Majorana fermions

Ruby, Peng, FvO, Heinrich, Franke, unpublished

dimer
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Fe d-levels in adatom chains

Majorana fermions

EF

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

Majorana fermions

Spin polarization: eV=170meV

Spin polarization: eV=-850µeV

spin-polarized Shiba statesspin-polarized d bands

Co on Pb(110)
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Cobalt chains

Majorana fermions

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

Majorana fermions

1d band structure (see also Li et al. PRB 2014)
• Slater-Coster tight binding
• s-bands empty into Pb substrate
• even number of channels 

Cobalt:
[Ar] 3d7 4s2

Compare: Fe
[Ar] 3d6 4s2

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

Majorana fermions

Adatom Semiconductor
chain quantum wires

1eV typ. energies 1meV
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Conclusions

Majorana fermions

§ Localization of Majorana bound states: strong coupling
to superconductor strongly renormalizes Majorana 
localization length

Y Peng, F Pientka, L Glazman, FvO, PRL 114, 106801 (2015) 

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

§ Superconducting lead/tip: universal conductance peaks
at eV=±D and plateau behavior

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: symmetry of conductance 
peaks at eV=±D

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

§ Orbital picture of Yu-Shiba-Rusinov multiplets
M Ruby, Y Peng, FvO, B Heinrich, K Franke, PRL 186801 (2016)
& unpublished


