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Outline

• Brief history of Majorana fermions

• Proposal to realize topological superconductivity in 

semiconductor/superconductor heterostructures

• Effect disorder & chemical potential fluctuations

• Beyond mean field theory: effect of quantum fluctuations



Superconductors are natural hosts for Majorana



Example: 2D chiral p-wave superconductors



1D Majorana chain - Kitaev’s toy model



Topological protection of zero-energy mode



How do we find chiral p-wave superconductor ?



Engineering spinless p+ip superconductor 



Semiconductor with spin-orbit interaction



Superconducting proximity effect

Sau, Lutchyn, Tewari, Das Sarma, PRB’10



Spinless p+ip superconductivity in 

semiconductor/superconductor heterostructures



Practical route to spinless p+ip superconductivity 



1D semiconductor nanowires



Majorana quantum wires



Summary

• Model for semiconductor nanowires

• Proximity-induced superconductivity 

• Majorana zero modes detection schemes

• How important is one-dimensionality (single band)
Lutchyn, Stanescu, Das Sarma, PRL (2011); Lutchyn & Fisher, arXiv(2011)

• Disorder and chemical potential fluctuations
Stanescu, Lutchyn, Das Sarma, PRB (2011); Lutchyn, Stanescu, Das Sarma, arXiv(2011)

• Majorana fermions without long range SC order
Fidkowski, Lutchyn, Nayak, Fisher, arXiv(2011)



Multi-band semiconductor nanowires



Multicritical point



Effect of band-mixing terms

What are allowed band-mixing terms ?

Hidden symmetry of total Hamiltonian 



What is effect of interactions on 

topological superconducting phase ?



Effect of interactions on the phase boundary



Effect of short-range disorder



Effect of disorder in the multi-band nanowire

Stanescu, Lutchyn, Das Sarma, PRB’11

For single channel nanowire disorder drives

topological phase transition

Motrunich, Damle & Huse, PRB (2001)

Gruzberg, Read & Vishveshwara, PRB (2005)

Brouwer et al., arXiv (2011)



Effect of disorder in the superconductor 



Irreducible part of the self-energy



Superconducting phase fluctuations

• Thus far, we have treated the superconducting order 
parameter as if it were classical.

• In reality, the SC order parameter might fluctuate due to 
finite-size and/or reduced dimensionality.

• How are the Majorana zero modes affected by SC order 
parameter fluctuations?



Majorana zero modes via bosonization

• Consider a semiconductor quantum wire in contact with a bulk 
3D superconductor

• Project to the lowest band and bosonize



Quasi-long-ranged superconducting order

• 1D SC wire, instead of 3D superconductor.

• LRO not possible; at best, power-law-decaying SC 

correlations. 

• For attractive effective interaction U, pairs form so that a 

spin-gap opens, but long-ranged coherence does not.



Single SM wire in proximity to a SC wire



Two SM wires in proximity to a SC wire



Effects of impurity scattering

• Impurities can cause electron backscattering = 2π phase slips

• A phase slip allows a vortex to measure the qubit via 

Aharonov-Casher:

• Backscattering operator:

• Amplitude from one state of qubit to other:
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