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Outline
Surface Majorana fermions in 3He B-phase

- ion mobility below a free surface

An experiment to detect the Majorana fermions

H.Ikegami et al., JPSJ 82, 124607 (2013).

Scattering theory on the Majorana fermions
- ion (impurity) scattering -> ion mobility
- Majorana fermion -> plane wave with spin & particle-hole channels

Calculated mobility
- mobility parallel to a free surface 

- mobility perpendicular to a free surface 

-> quantitative agreement 
    with experiment

-> more affected 
    by Majorana fermions



Surface Majorana fermions in 3He-B

(Andreev approximation)

Bogoliubov-de Gennes equation

quasiparticle energy

: coherence length



Surface Majorana fermions in 3He-B

quasiparticle energy

wave function of bound state

: coherence length

field operator

Majorana fermion



Experiment for ions trapped below a free surface

H. Ikegami et al., JPSJ 82, 124607 (2013).

electron bubble (R=2.0nm~10/kF, M=290m3) io
n 

m
ob

ili
ty

Mobility is independent of trapped depth.

Mobility is smaller than the bulk value.  

Results

scattering by surface bound state 

despite spatial dependence of SBS 

Mobility at d = 35 nm without magnetic field 
exhibits the same temperature dependence.



Equation of motion for electron bubble

: quasiparticle momentum

: quasiparticle energy

: Fermi distribution

: quasiparticle spin

first order of v

transition rate:

elastic scatteringStokes drag force:

driving force:

parallel

perpendicular



T-matrix

momentum eigenstate radius of electron bubble:

normalization

intermediate state
YT and K. Machida, JPSJ 81, 074607 (2012). 
H. Wu and J. A. Sauls, PRB 88, 184506 (2013).

T-matrix element

T-matrix element in normal state

hard sphere potential →
O. Shevtsov and J. A. Sauls, PRB 94, 064511 (2016).

phase shift:



Mobility

: 3He particle density
DOS

parallel

perpendicular



Mobility parallel to surface

total cross section transport cross section

averaged differential cross section



Scattering cross section



Scattering cross section

quasi-bound state around ion
# of peaks ~



Scattering cross section

forbidden perfect backscattering

Cf.

quasi-bound state around ion
# of peaks ~



Scattering cross section

forbidden perfect backscattering

suppressed by 
approaching surface

Cf.

quasi-bound state around ion
# of peaks ~



Mobility parallel to surface

DOS



Mobility parallel to surface

H. Ikegami et al., JPSJ 82, 124607 (2013).
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Cross section on perpendicular mobility
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Mobility perpendicular to surface
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Summary
We can quantitatively reproduce observed mobility 
by formulating impurity scattering of surface Majorana fermions.

Surface Majorana fermions have been detected.
3He-B is the first system hosting Majorana fermions 
where experiment and theory show quantitative agreement.

Depth dependence of mobility is observed 
if electron bubbles are trapped over 4ξ ~ 500 nm.

Perpendicular mobility is strongly suppressed in low temperatures.


