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Deviation of the Nambu Sum Rule

Sauls, Mizushima, PRB 95 094515 (2017)
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Gapless state Salomaa, Volovic, PRB 1988
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Topology of B phase 
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No sharp peak at zero energy but a broad SABS band
appears within the bulk energy gap ∆.

Theoretically calculated SDOS in BW state on specular surface
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“Dirac” cone on 3He-B

angle resolved angle averaged (Natato 1998)
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equivalence of particles and 
antiparticles

Majorana fermions

+Ψ=Ψ

cpE =
Majorana fermions 

have linear dispersion

and

originally predicted as a possible candidate of neutrinos. (1937) 



Chunｇ and Zhan, PRL09

“Majorana cone”

particel = anti-particel

SABS: Majorana Fermion

Majorana surface state in 3He-B
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Superconductors

Spin-triplet p-wave 
Superfluid 3He

Bulk order 
parameters

Surface states

Difficult to determine Tunneling 
conductance

Well established No good 
surface probe

(Triplet)

(complicated by charge, multi-band, 
defects, impurities, magnetism, …)

(until recently)
(simple, clean,…)

3He: Good testing ground for topological quantum physics!!



Acoustic impedance measurements
Transverse acoustic impedance of AC-cut quartz in liquid 3He
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Diffusive limit

S = 0

Specular limit

S = 1 1 > S > 0

Partially specular

S = 0.5theory

S can be controlled continuously by thin 4He layers on a wall.

Quasiparticles scattering off a wall

p//

E



Z(T) at S = 0

実験
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Aoki et al., Phys. Rev. Lett. 95, 075301 (2005)



Z(ω) theory 
with SABS 
at S = 0

First experimental confirmation 
of the sub-gap structure. 

kink

peak

ω ∆+∆∗

Z/
Z N

Z’

Z”*∆∆ω +=

Kink and peak 
are singularities 
when

Aoki et al., Phys. Rev. Lett. 95, 
075301 (2005)
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Coat a wall with 4He layers

Higher specularity wall; 0 < S <1

schematics 

3He

Quartz 

4He



Z(ω/∆) at S > 0 

S=0
S=0.2
S=0.8

experiment theory

Murakawa et al., J. Phys. Soc. Jpn. 80, 013602 (2011), Paper award
Murakawa et al., Phys. Rev. Lett. 103, 155301 (2009)



Z(ω) theory by Nagato et al. for S = 0.5
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Two peaks in Z(ω) due to the 
formation of Majorana cone.

3He-B is truly a topological 
superfluid showing the bulk-edge 
correspondence at S >> 0. 



What is a topological nature of the surface states
in our measurements? 

Usually, particles are localized by the disorder and gap appears 
at zero energy.
However, topological surface states are not gappable in the 
presence of disorder.

∆*
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What is a Majorana nature of the surface states 
in our measurements?

Anomalous scattering of the Majorana fermions makes in ∆* in the 
presence of disorder. 

∆*

0 0.5 1 1.5
0

1

2

3

4

ε / ∆bulk

N
(ω

,z
 =

 0
) /

 N
(0

)

T = 0.2 Tc
 s = 0.0
 s = 0.2
 s = 0.5
 s = 1.0



Nagato et al.

In the presence of the roughness, p// is no longer an eigenstate.
Scattering results in the broadening and energy shift. 
Scattering between continuum above ∆ and SABS results in 
strong label repulsion due to Ψ=Ψ†.  
No states between ∆ and ∆*. 

∆* is formed due to Ψ=Ψ†.

S = 1 

Majorana nature. 

∆* ∆

S = 0 



MEMS, Florida

Slab, RHUL

Resonator, Alberta

Theorists’ dreams are in reality due to experimental developments.

New detections; sensitive and local NMR, NEMS, SAW, superfluid resonator, 
gyroscope, Josephson, SHeQUID, ion mobility, Andreev reflections, …

New geometries; slabs, tubes, disorder, anisotropy, periodicity, specularity, …

New states; stripe, distorted, glass, polar, p+f state, 2D topological phases, … 
New excitations; Higgs, Majoranas, HQV, magnon BEC, defects, orbital wave, …

NEMS, Grenoble
SAW, Tokyo Tech. 

Aerogel, Northwestern Beam, CornellNematic aerogel, Kapitza



Superfluid transition of 3He 
by irradiation of neutrons or gamma-ray 

Baked Alaska model; ballistic expansion of quasiparticles for A-B transition 
(Leggett, Osheroff, Fukuyama)

Kibble-Zurek model; diffusive expansion of quasiparticles for vortex formation
(Helsinki, Lancaster, Grenoble) 

Aurora de Venice model; diffusive expansion of quasiparticles for A-B transition
(Bunkov)



Summary

We have investigated surface Majorana states of 3He-B 
by acoustic impedance measurements.  
Boundary condition dependence of SDOS revealed  
topological stability of the surface zero modes 
and  
anomalous scattering of Majorana fermions in the 
presence of disorder.

Future plans;
topological phase transitions in magnetic field,  
Majorana Ising spin, 
Nano topological superfluids…

Review; Y. Okuda and R. Nomura, J. Phys.: Cond. Matt. 24, 343201 (2012)
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