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(spinless electrons)

p-wave gap function
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Recall QWZ model:
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Choose t=1/2

Compare QWZ model with p-wave model:
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Localized MF    
0= 0

†

3D TI

SC

E = 0

Energy

Chiral MF 
E= -E

†

ky

Energy

0= 0
†

From Fleury’s ppt

Edge vortex
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Figs from Machida and Hanaguri, 
Prog. Theor. Exp. Phys 2024

• dE ~ 1 meV in conventional SC 

dE ~ 0.1 meV in iron-based SC 

(D~ 2 meV, EF~10-20 meV)

Bound states in the vortex of s-wave and p-wave SC
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Ginzburg-Landau theory (1950)

A phenomenological theory of the order parameter Ψ(r) (App. I of Kittel)

(Later this can be derived from the BCS theory, see Fetter and Walecka)

Fetter and Walecka• Connection with the gap function

• ψ(r) is complex-valued. It can be seen as a macroscopic wave function. 

ψ(r)=0 for normal state. 

• It satisfies the Ginzburg-Landau eq 

Current density

2( ) | ( ) |S r r  
SC electron density

• Connection with SC electron density and SC current density
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choose

The phase of D is 
adjustable under the 
gauge transformation

so that j is 
not changed

BdG equation:

It is invariant under        
the GT if
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Normal 
core

iscSC current around a vortex

Far way from a vortex, j=0

The magnetic flux through a vortex is quantized!

Gauge transformation

Consider n=1,
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We now study the bound states inside a vortex

Requantizing

Polar coordinate

Zero-mode solution:
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ଶ

Bogoliubov QP for the zero mode

଴
ା

଴ Majorana zero mode
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For a MZM located at Rj

The phase Γj arises because of a sign change under a 360-degree rotation. 

For example, consider only 2 MZMs. If we move γ2 around γ1 once, then          

Γ2 = arg(R2-R1) changes by 2π, and γ2 changes sign. 

ଵ ଶ
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Two ways to exchange ଵ ଶ

(a)

(b)

For clockwise rotation,
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Write the states with fermion 
numbers 0, 1 as |0⟩, |1⟩, then,

Also,

It follows that,
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17 Engineering the Kitaev chain, Bordin
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Back to Kitaev chain,

Engineering the Kitaev chain, Bordin
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https://www.quantum-bits.org/?p=2226

Building quantum gates with the braiding of MZMs

https://arxiv.org/pdf/1602.05035

(need to change fermion parity, 
so 4 MFs are not enough)


