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Introduction

- Majorana fermions (MF): Fermionic particles, which are their own anti-particles

- Quasiparticle excitations in certain condensed matter states: Majorana zero mode

- Zero energy bound states and show non Abelian-exchange statistics

- Particle exchange is no trivial operation limited to a phase factor

- Given a set of N Dirac fermions:

- One can construct a set of 2N MF:

➢ Note same spin projection: p-wave pairing is necessary, but not available
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Introduction

- Fermionic state can be considered as superposition of two MF

- Motivation to find MF:

- If spatially separated they are expect to be immune against local perturbation and 

therefore decoherence-free

- Access to perform operations due to the non-Abelian exchange statistics

- Being its own anti-particle means half electron, half hole

➢ No energy, no charge, no magnetic freedom - fingerprint: “three times nothing”
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Majorana fermions in spinless p-wave 
superconductors

- Toy model which shows MF as eigenstates

- Hamiltonian of 1D spinless superconductor as tight-binding chain of electrons which is 

called “Kitaev Model”

- Rewrite this in terms of MF:

and for sake of convenience μ = 0, 𝑡 = Δ

- gives:

Majorana fermions and prospect qubit application5 26.06.2020
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Majorana fermions in spinless p-wave 
superconductors
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Majorana zero mode

In
tro

p
-w

a
v
e

s
u

p
e

rc
.

e
x
p
e

rim
e

n
t

q
u

b
it



Universität Konstanz

Majorana fermions in spinless p-wave 
superconductors

➢ Energy cost for creating a fermionic state ǁ𝑐𝑖
† ǁ𝑐𝑖 is 2𝑡

➢ Arguments for μ = 0, 𝑡 = Δ are valid as long μ < 2𝑡

- MF is highly delocalized

- Fermionic parity can be +1 or −1 and therefore ground state is twofold 

degenerated 

➢ Appearance of spatially separated MF is a topological property

➢ If we find another topologically equivalent Hamiltonian in terms of μ < 2𝑡 , 

we are able to find a more realistic system to perform experiments

Majorana fermions and prospect qubit application7 26.06.2020
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Engineering another Hamiltonian with two important ingredients:

➢ Spin-orbit coupling

➢ Zeeman splitting

Proximity induced p-wave like gap in semiconductor

Majorana fermions and prospect qubit application8 26.06.2020

For adjusting chemical potential that always: μ < 2𝑡

Majorana zero mode
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Proximity induced p-wave like gap in semiconductor

Majorana fermions and prospect qubit application9 26.06.2020

Single electron without interaction

Hamiltonian for proximity induced superconductivity 

in a spin-orbit coupled semiconductor

Induced superconductivity 

(phenomenological)

➢ s-wave coupling
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Proximity induced p-wave like gap in semiconductor
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with using: and properly:
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Proximity induced p-wave like gap in semiconductor
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- Solving Bogoliubov-de Gennes-equation gives energy value for quasiparticles:

- And with eigenvalues we can write down diagonalized Hamiltonian:
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Proximity induced p-wave like gap in semiconductor

- Using Nambu representations with explicit hole 

description doubles degrees of freedom artificially

- But symmetry between eigenvalues of holes and 

electrons conserve original degrees of freedom:

➢ Creating a quasiparticle with energy 𝐸 is equivalent 

to removing a quasiparticle with energy −𝐸

➢ For every eigenvector with eigenvalue 𝐸 there 

exists another eigenvector with −𝐸

Majorana fermions and prospect qubit application12 26.06.2020
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Proximity induced p-wave like gap in semiconductor

- Engineering parameters for desired 

properties

➢ Hamiltonian must be 

transformable continuously 

from spinless p-wave 

superconductor without 

closing the gap μ < 2𝑡

- In our special case

Majorana fermions and prospect qubit application13 26.06.2020
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Proximity induced p-wave like gap in semiconductor
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Gap at zero momentum 

closes if:

Topological phase with 

MF exists, as long:
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Proximity induced p-wave like gap in semiconductor
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Proximity induced p-wave like gap in semiconductor
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Proximity induced p-wave like gap in semiconductor
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Quantum computation with Majorana fermions

- Encoding the qubit in fermionic Fock states:

- Dimension is 2𝑁, each of the 𝑁 states is occupied or not

- Do we have 𝑁 qubits?

- …no, because of superselection rule:

- Using parity operator:

- we get for bosonic operator:

- due to even number of fermionic operators in   𝐴 and     𝒫𝑐𝑗𝒫 = −𝑐𝑗

- For two states with different parity                             follows:

➢ Out of 2𝑁 states in fermionic Fock space only 2𝑁−1 can be used for computation

Majorana fermions and prospect qubit application18 26.06.2020
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Quantum computation with Majorana fermions

- Therefore we encode one qubit as:

➢ “topological protected” due to delocalized states

➢ Environment should not provide single unpaired electrons

Majorana fermions and prospect qubit application19 26.06.2020
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Quantum computation with Majorana fermions

- Idea: Operating gates on the qubit with non-Abelian exchange statists

- What means braiding?

➢ Particle exchange in space-time

- Elements of the Braid group ℬ𝑁 for 𝑁 particles fulfill:

Majorana fermions and prospect qubit application20 26.06.2020

with 1D representation 𝑒𝑖𝜃

acting on wave function
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Quantum computation with Majorana fermions

- One can show, that these operators are representations of the Braid group:

- 2D representations and do not commute

Majorana fermions and prospect qubit application21 26.06.2020
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Quantum computation with Majorana fermions

- How to realize adiabatic braiding with 

our nanowire?

Majorana fermions and prospect qubit application22 26.06.2020
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Quantum computation with Majorana fermions

Majorana fermions and prospect qubit application23 26.06.2020

- For the read-out we fuse both pairs of MF by overlapping their wavefunctions

- First we remove the topological protection:

- Afterwards we perform any measurement which depends on the different energy of 

the qubit states
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- Quick review of quantum computation with MF:

Quantum computation with Majorana fermions

Majorana fermions and prospect qubit application24 26.06.2020

In
tro

p
-w

a
v
e

s
u

p
e

rc
.

e
x
p
e

rim
e

n
t

q
u

b
it



Universität KonstanzMajorana fermions and prospect qubit application25 26.06.2020



Universität Konstanz

References

- Martin Leijnse and Karsten Flensberg: Introduction to topological superconductivity and 

Majorana fermions, 2012 Semicond. Sci. Technol. 27 124003

- Fabian Hassler: Majorana Qubits, arXiv:1404.0897

- V. Mourik, K. Zuo, S. M. Frolov, S. R. Plissard, E. P. A. M. Bakkers, L. P. Kouwenhoven: 

Signatures of Majorana Fermions in Hybrid Superconductor-Semiconductor Nanowire 

Devices, Science 336, 1003 (2012)

- Jason Alicea, Yuval Oreg, Gil Refael, Felix von Oppen and Matthew P. A. Fisher: Non-

Abelian statistics and topological quantum information processing in 1D wire networks, 

DOI: 10.1038/NPHYS1915

- Erwann Bocquillon: A Majorana mass production line, Nature Nanotechnology, Vol 14, 

September 2019, p. 814–818

Majorana fermions and prospect qubit application26 26.06.2020



Universität Konstanz

References

- https://topocondmat.org/: Topology in Condensed Matter (TU Delft), last checked 

11.06.2020

- https://www.youtube.com/watch?v=r64Km-BxUD4: Majorana Fermions: Particle Physics on 

a Chip- Leo Kowenhoven - May 28 2015, last checked 12.06.2020

- https://www.microsoft.com/en-us/research/video/topological-quantum-computing-with-

majorana-fermions/: Topological quantum computing with Majorana Fermions – Roman 

Lutchyn, last checked 15.06.2020

- https://www.microsoft.com/en-us/quantum/technology, last checked 15.06.2020

- https://www.youtube.com/watch?v=Y1ZkSyY9PAk: Fabian Hassler | RWTH Aachen 

University / Lecture 1: Topological quantum computing, last checked 22.06.2020

- https://www.youtube.com/watch?v=SmWsnqqInUw, Fabian Hassler | RWTH Aachen 

University / Lecture 2: Topological quantum computing, last checked 23.06.2020

Majorana fermions and prospect qubit application27 26.06.2020

https://topocondmat.org/
https://www.youtube.com/watch?v=r64Km-BxUD4
https://www.microsoft.com/en-us/research/video/topological-quantum-computing-with-majorana-fermions/
https://www.microsoft.com/en-us/quantum/technology
https://www.youtube.com/watch?v=Y1ZkSyY9PAk
https://www.youtube.com/watch?v=SmWsnqqInUw


Universität Konstanz

Thank you!



Universität Konstanz

Appendix

Majorana fermions and prospect qubit application29 26.06.2020



Universität Konstanz

Appendix

Majorana fermions and prospect qubit application30 26.06.2020



Universität Konstanz

Appendix

Majorana fermions and prospect qubit application31 26.06.2020



Universität Konstanz

Appendix

Majorana fermions and prospect qubit application32 26.06.2020


