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� Introduction.
Majorana states. Bogolubov transformation etc.

Examples: p-wave superconductors, semiconducting 

nanowires and topological insulators with induced 

superconductivity.

� Teleportation as a test for Majorana particles.
Nonlocality vs absence of noise correlations.Nonlocality vs absence of noise correlations.

Coulomb blockade as a recipe to restore nonlocality

� NISIN. DC transport 

� NISIN. AC response.

� Teleportation paradox and topological stability of 
Majorana states.
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BCS mean field theory. 

Bogolubov canonical transformation. 

No changes in the operator commutation rules
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Fermi commutation rules:
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Orthogonality condition:

Complete set of functions:



BogolubovBogolubov –– de de GennesGennes equations and their symmetry equations and their symmetry 
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All states come in pairs???



SelfSelf--consistency condition.consistency condition.

Singlet pairing Triplet pairing

( ) ( )',', rrDirr σ=∆ ( ) ( )',', rrDirr
rr

σσ=∆( ) ( )',', rrDirr yσαβ =∆

( ) ( )rrDrrD ,'', =

εε −→










−
→







*

*

u

v

v

u

( ) ( )',', rrDirr y

rr
σσαβ =∆

( ) ( )rrDrrD ,'',
rr

−=

εε −→











→







*

*

u

v

v

u



ε ε

Is it possible to get a state without a partner? Is it possible to get a state without a partner? 
MajoranaMajorana statestate
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Obvious contradiction:Obvious contradiction:
We can not change statistics using canonical We can not change statistics using canonical BogolubovBogolubov
tranformationtranformation
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???? ???? MajoranaMajorana fermions fermions 
(not fermions at all)(not fermions at all)

Standard fermions (with Standard fermions (with 
usual commutation rules)usual commutation rules)
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Partly defined Partly defined quasiparticlequasiparticle
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How to define this b-part???

Possible answer:          Let us find another ill-defined quasiparticle!



A standard way to overcome the problem:A standard way to overcome the problem:

We We construct the operator construct the operator b b from another zero energy statefrom another zero energy state

The states which define The states which define a a andand b b are far are far away from each otheraway from each other

ε

Examples: Examples: 

vortices vortices in pin p--wave superconductors (wave superconductors (G.E.VolovikG.E.Volovik, 1997), 1997)

Edge states (Edge states (KitaevKitaev 1D p1D p--wave superconductor)wave superconductor)

Systems with induced superconductivity Systems with induced superconductivity 

ξ>>r



PP--wave superconductors. wave superconductors. Sr2RuO4 as a possible candidate?
He-3 
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Systems with induced superconducting orderSystems with induced superconducting order







General recipe how to arrange zero energy states (at the Fermi level).

superconducting phase should change by pi
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Examples:

vortex

Josephson 

junction
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Sample edge
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Nonlocality as an inherent property of Majorana particles. 
Teleportation. Topological protection against perturbations.

Oscillations of the wavefunction between two quantum wells
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1 >>− λω L

2 close levels

Time of particle oscillations ~ 11

0 >>− λω L
e~

Teleportation of the wavefunction between two Andreev wells

ξω L
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Single level





Nonlocality vs absence of noise correlations.



Interplay between the Andreev reflection at the end of the wire and crossed Interplay between the Andreev reflection at the end of the wire and crossed 

Andreev reflection with the transmission of a hole to the second leadAndreev reflection with the transmission of a hole to the second lead



Coulomb blockade as a recipe to restore nonlocality?



How to avoid teleportation?

We need to excite another level with negative energy!

Time of particle transfer~
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e
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Single level



Is it possible to excite both the positive and negative energy levels Is it possible to excite both the positive and negative energy levels 
on equal footing and to get a two level problem?on equal footing and to get a two level problem?

It seems to be impossible It seems to be impossible 

since there is only 1 fermion corresponding to these states!since there is only 1 fermion corresponding to these states!



In equilibrium:In equilibrium:

One One fermionfermion

WavefunctionWavefunction::

One One BdGBdG level level 
(with positive (with positive 

energy)energy)

In nonIn non--equilibrium:equilibrium:

One One fermionfermion

WavefunctionWavefunction::

Superposition of Superposition of 
many many BdGBdG levels levels 
(with positive and (with positive and 
negative energies)negative energies)



Some details of charge transfer through the low Some details of charge transfer through the low 
energy states in NISIN systemenergy states in NISIN system

Left normal lead Right normal lead

We can construct the operator We can construct the operator b b from the states in the lead.from the states in the lead.

Then we can get  a 2 level systemThen we can get  a 2 level system



Solution of the scattering problemSolution of the scattering problem

++
LL ba , ++

RR ba ,
Incident 

electrons

Reflected 

electrons

Transmitted 

electrons

Transmitted 

holes

−−
LL ba , −−

RR ba ,

Reflected 

holes

holes

∫ ∆=
s

F

dss
V

D
0

')'(
2

h
N. B. Kopnin et al 

PRB 68, 054528 (2003);
PRB 75, 024514 (2007)



Wavefunction 
amplitude

Exact resonance

0=ε

Wave functions near the resonance Andreev levelWave functions near the resonance Andreev level

amplitude
along the trajectory
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Analogy: tunneling between two vorticesAnalogy: tunneling between two vortices

Splitting of vortex core levels:
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Equations for coupled Equations for coupled MajoranaMajorana statesstates
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Equations for coupled Equations for coupled MajoranaMajorana statesstates
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DC transport. Zero bias peak and its splitting.DC transport. Zero bias peak and its splitting.
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Possible setup for study of dynamics of Majorana states.

Semiconducting wire 

covered by 

superconductor Normal leadNormal lead

gategate ~~



AC transport. Barriers with timeAC transport. Barriers with time--dependent dependent 
transparency.transparency.
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Zero bias conductance:
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AC transport. Pump probe techniques.AC transport. Pump probe techniques.
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Can the Coulomb blockade destroy the beating 
phenomenon for a couple of the Majorana states?

1. Electron jumps 

into the wire

2. Internal dynamics = beating. Electron number (and parity) 

in the wire is fixed

3. Electron jumps 

out of the wire



Teleportation paradox and topological stability of 
Majorana states.

Semiconducting wire 

covered by 

superconductor Normal leadNormal leadI

gategate ~~

Low frequency dispersion as an inherent property of Majorana states.

Stability range is restricted to low frequencies < 0ω



Semiconducting wire 

covered by 

superconductor Normal leadNormal lead

OutlookOutlook

B

I

gate~

Low frequency dispersion as an inherent property of Majorana states

Possible dynamic effects in oscillating magnetic field or applying an 
oscillating gate voltage

S leads

Coulomb effects 



Some conclusionsSome conclusions

• There is no teleportation

• Nonlocality of Majorana states in dynamical 
problems does exist only at very low frequencies < 0ωproblems does exist only at very low frequencies < 

• Experimental study of dynamics of 2 Majorana
states in semiconducting wires will give the 
characteristic time scales for their manipulation

0


