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Majorana zero modesMajorana zero modes

Ettore Majorana,1937: 
Majorana fermion – a fermion which is its own antiparticle

Most likely experimental candidates for non-Ableian statistics:
Majorana zero modesMajorana zero modes

A superposition of an electron and a hole – need a superconductor!



1D spinless p-wave superconductor(Kitaev 2001):

Unpaired 
Majorana 

fermions at 
the ends!

Majorana wiresMajorana wires



Kane & Mele, 2005; Bernevig, Hughes, Zhang, 2006; Fu & Kane, 2008  

Realization in topological insulator edges Realization in topological insulator edges 



HgTe

1D and effectively ‘spinless’!  Just need superconductivity...

‘spin 
down’

‘spin 
up’

Fu & Kane, 2008  
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HgTe

s-wave SC ‘spin 
down’

‘spin 
up’

Fu & Kane, 2008

Realization in topological insulator edges Realization in topological insulator edges 



HgTe

s-wave SC

FM insulator

“Terminating” the 
SC wire by a 
magnetic gap: 
Majorana zero 
modes localised at 
the ends 

Fu & Kane, 2008

Realization in topological insulator edges Realization in topological insulator edges 



Realization in quantum Hall edges Realization in quantum Hall edges 

Counter-propagating 
edge modes at the 
boundary between
g > 0 and g < 0.
The sign of g can be 
changed by stress.
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Realization in quantum Hall edges Realization in quantum Hall edges 



Majorana zero modeMajorana zero mode



Counter-propagating 
fractionalized edge 
modes at the 
boundary between
g > 0 and g < 0.
(In GaAs the sign of g can 
be changed by stress.)

 D. Clarke, J. Alicea & KS, 
arXiv:1204.5479, Nature 
Commun. 2013

 N. Lindner, E. Berg, 
G. Refael & A. Stern, 
arXiv:1204.5733, PRX 2012

 M. Cheng, arXiv:1204.6084, 
PRB 2012 

What about fractional quantum Hall edges? What about fractional quantum Hall edges? 



Majorana Fermions:

Parafermions:

Parafermions        1D quantum Clock/Potts model
Majoranas        1D quantum Ising model

Paul Fendley (2013)

Parafermions vs MajoranasParafermions vs Majoranas

Upshot:



Parafermionic zero modeParafermionic zero mode



Is this feasible? 

Experimental realizations?Experimental realizations?



Do we need opposite g-factors?

No! Use spin-unpolarized states, like 2/3 or 2/5
• R. Mong et al, PRX  4, 011036 (2014);
• D. Clarke, J. Alicea, KS, arXiv:1312.6123, to appear in Nature Physics  

Which parts are really necessary? Which parts are really necessary? 
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So do we really need the insulator at all?

No! Use spin-unpolarized states, like 2/3 or 2/5
• R. Mong et al, PRX  4, 011036 (2014);
• D. Clarke, J. Alicea, KS, arXiv:1312.6123, to appear in Nature Physics  
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SC
Electron Pairing

Realization in quantum Hall edges Realization in quantum Hall edges 



Conductance is doubled relative to a single-channel wire

Normal vs. Andreev reflectionNormal vs. Andreev reflectionNormal vs. Andreev reflectionNormal vs. Andreev reflection



For fully 
chiral edge:

Andreev Conversion on QH edgeAndreev Conversion on QH edgeAndreev Conversion on QH edgeAndreev Conversion on QH edge



Two-terminal Hall ConductanceTwo-terminal Hall ConductanceTwo-terminal Hall ConductanceTwo-terminal Hall Conductance

SC leadNormal lead



0

Two-terminal Hall ConductanceTwo-terminal Hall ConductanceTwo-terminal Hall ConductanceTwo-terminal Hall Conductance

Normal leadNormal lead



VI H2 )( TopBottomH VV 

I

Doubled Hall VoltageDoubled Hall VoltageDoubled Hall VoltageDoubled Hall Voltage

SC leadNormal lead



Equilibration and energy dissipation occur 
only at the normal lead! (in the ideal case)

Doubled Hall VoltageDoubled Hall VoltageDoubled Hall VoltageDoubled Hall Voltage



(Grounded ideal superconductors)

0IVI H2

V

VV

V

Even/Odd effect for Grounded SuperconductorsEven/Odd effect for Grounded SuperconductorsEven/Odd effect for Grounded SuperconductorsEven/Odd effect for Grounded Superconductors



Unusual circuit elements follow from Kirchhoff's rules!

Current and Voltage ManipulationCurrent and Voltage ManipulationCurrent and Voltage ManipulationCurrent and Voltage Manipulation



0

Capacitive Flux StorageCapacitive Flux StorageCapacitive Flux StorageCapacitive Flux Storage



E.L. Brown, unpublished

Flux Capacitor! Flux Capacitor! Flux Capacitor! Flux Capacitor! 



• Low Temperature and Low Power Amplifiers, 
Transistors, Logic Gates, etc.

• “On Chip” control elements for anyons

• Detection and utilisation of local magnetic fields

• New transport signatures of non-Abelian zero modes in 
hybrid FQH/SC systems

• A new usenew use for non-Abelian anyons!

(Possible) Applications of new circuit elements(Possible) Applications of new circuit elements(Possible) Applications of new circuit elements(Possible) Applications of new circuit elements



  

 D. J. Clarke, J. Alicea & KS

arXiv:1312.6123,

to appear in Nature Physics 

       

Short of a quantum computer (for now)Short of a quantum computer (for now)Short of a quantum computer (for now)Short of a quantum computer (for now)
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