Majorana fermions in He-3 Superfluid

Suk Bum Chung
Seoul National University / IBS CCES

Grand Challenges in QFS
August 8, 2015




Majorana Fermion concept (1)

(Wilczek, Nat Phys '09)

TEORIA SIMMETRICA DELL’ ELETTRONE
E DEL POSITRONE

Nota di ETTORE MAJORANA

I Nuovo Cimento 14 171 (1937)

E Majorana (1906 - 19387?)

e Fermion identical to its own anti-particle
(a real fermion, 1/2 of an electron)

e Proposed as a theory for elementary particle,
i.e. neutrino, but NO experimental confirmation




Majorana Fermion concept (2)

e Can emerge as quasi-particles of superconductors

P hole can considered as anti-particle:
real fermion =
particle-hole conjugation invariant

e.g. vty -yt

'\’ =

(Wilczek, Nat Phys '09)

e Requires de-pairing equal-spin pairs

e Fermions (e.g. electron, He3 atom) fractionalized into
localized v +y' and vy -y' separated from each other




Outline

e Current status of Majorana fermions in 3He-B

e Grand Challenge: Qualitative detection of 3He-B Majorana fermions
» Surface ion nano-bubble

P Possibility in thin slab

e Further challenge: interaction effect in Majorana surface




Majorana in condensed matter systems

e Best publicized in 1D topological superconductor (TSC)
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a =cqi+cqt b = -i(cn-CNT)
(Kitaev, Physics Uspekhi ’01)

— Majorana zero modes topologically protected by the bulk energy gap
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e Best publicized in 1D topological superconductor (TSC)
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— Majorana zero modes topologically protected by the bulk energy gap

e 3He superfluid: FIRST condensed matter system identified!

(1) 3He-B surface state
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(2) 3He-B topology
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Recent solid state experiments:
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Analogous earlier experiments 3He-B!

e Surface acoustic impedance below pair breaking frequency

Superfiuid *He

1.0MPa -

ﬂ‘"uld 3He - 28.7 MHz |

0.5mm Transducer (Aoki, Nomura et al. PRL '05; Murakawa, Nomura et al. JPSJ ’'10)

= Indicates subgap quasiparticles at the surface
l.e. qualitatively equivalent to the zero bias anomaly
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e Surface acoustic impedance below pair breaking frequency

Superfiuid *He

1.0MPa -

ﬂ'ﬂuld 3He - 28.7 MHz -

0.5mm Transducer (Aoki, Nomura et al. PRL '05; Murakawa, Nomura et al. JPSJ ’'10)

= Indicates subgap quasiparticles at the surface
l.e. qualitatively equivalent to the zero bias anomaly

e No qualitative (e.g. more than zero bias anomaly) Majorana detection
In either 3He superfluid or any solid state systems
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e Current status of Majorana fermions in 3He-B

e Grand Challenge: Qualitative detection of 3He-B Majorana fermions
P Surface ion nano-bubble

P Possibility in thin slab

e Further challenge: interaction effect in Majorana surface




Tl surface and TSC Majorana surface analogy
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(Qi, Hughes, Raghu and Zhang PRL ’09)

e The Majorana edge state same dispersion as the Tl edge state

for both chiral and time-reversal invariant (°

P e.g. p+ip (chiral) superconductor: E = v
. E=0ov

2D TRI TSC

(requires both |11) & [ ]>)

"RI) TSC
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< (like QSH)
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(Qi, Hughes,

Raghu and Zhang PRL ’09)

e The Majorana edge state same dispersion as the Tl edge state

for both chiral and time-reversal invariant (|
P e.g. p+ip (chiral) superconductor: E = v

'RI) TSC
< (like v=1 IQH)

2D TRITSC . E =ov
(requires both |11) & [ ]>)

< (like QSH)

e Opposite surfaces of Tl have opposite spin-momentum locking
Opposite surfaces of TSC have v + ws' Majorana on one
ws — Wo' Majorana on the other
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Qualitative feature of 3He-B Majorana surface

(SBC, Zhang PRL '09)
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e Momentum eigenstates NOT particle number or spin eigenstates!

e Surface state of ys + 5" for any in-plane spin quantization
«— 3He-B spin-orbit rotation symmetry
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Qualitative feature of 3He-B Majorana surface

(SBC, Zhang PRL '09)

oS ¢k—|—7r/2 ]
—|—7T 2
Z eI 4 AT e~k sin 25/
Tk Tk ¢k—|—7T/2
k

COS
¢k-|—77/2

H

AN 7N 7N N
H
S— e N NS

H

!

H

< S S S

Tl T

sin

i 7
X uysin(ky 2)e2*/™F 4 (gapped modes)

e Momentum eigenstates NOT particle number or spin eigenstates!

e Surface state of ys + 5" for any in-plane spin quantization
«— 3He-B spin-orbit rotation symmetry

° Surface excitation change
= ).
Surface ex0|tat|on do not change

P i, = Lo, -9l b= w Wﬂbl%




Toward qualitative Majorana detection

e Surface Majorana fermion detection
through spin relaxation - shows Ising

spin fluctuation of the surface state
(SBC, Zhang PRL ’09)




Toward qualitative Majorana detection

e Surface Majorana fermion detection
through spin relaxation - shows Ising

spin fluctuation of the surface state
(SBC, Zhang PRL ’09)

e [on bubble mobility experiment with parallel electric field
= no sign of enhanced density
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e Current status of Majorana fermions in 3He-B

e Grand Challenge: Qualitative detection of 3He-B Majorana fermions
P Surface ion nano-bubble

P Possibility in thin slab

e Further challenge: interaction effect in Majorana surface




Surface state in topological insulator film

(Linder et al. PRB ’09; ¢y (AT ¢ (A k,, (A7)
Li | PRB’
ueta 09) (Y Zhang, Xue et al. Nat Phys '10)

e Tunneling between two Tl surfaces gaps out the surface state
= momentum / spin locking gone for k=0

e Tunneling between two Majorana surfaces mean fusing back
We T WGT and Yo — l//cs-r




Helium-3 in thin slab
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e Experiments on slab thin enough (D = 650nm, &= 77nm)
to see transition between different superfluid states




Majorana detection in thin slab
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e Significant tunneling between the v + ys' surface
and the ys — ws' surface within the B-phase

P Ising spin  fluctuation — Isotropic spin  fluctuation
P Zero density fluctuation — Non-zero density fluctuation
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e Further challenge: interaction effect in Majorana surface




Interaction effect on Majorana surface

e |[nteraction alters TSC classification: Z — Zs

(Fidkowski, Kitaev PRB ’10; Yao, Ryu, PRB ’'13;
Qi, New J Phys ’13; You, Xu '14)

N R e Emergent supersymmetry in
' . )
L symmetry breaking transition of

a single Majorana cone
' S ‘\ (Grover, Vishwanath Science ’14)
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Interaction effect on Majorana surface

e |[nteraction alters TSC classification: Z — Zs

(Fidkowski, Kitaev PRB ’10; Yao, Ryu, PRB ’'13;
Qi, New J Phys ’13; You, Xu '14)
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e 3He-B remains the only known system with
the surface Majorana cone

» Non-interacting quasiparticles insufficient for full physics
as it ignores bosonic modes




Interaction on 3He-B surface

e Surface spin current renormalization from Fermi liquid correction
(Wu, Sauls PRB '13)

e J=1 collective mode mediated
interaction (Park, SBC, Maciejko PRB '15)

e Ongoing study on possible non-equilibrium interaction effect

= detection of many-body response of Majorana surface
(Taylo, Kallin, PRB ’15;
SBC, Park, Maciejko in progress)




Conclusion

e There is as much experimental evidence for Majorana fermions
in 3He superfluid as any solid state systems.

e There are both experimental proposals and techniqgue available
for qualitatively detecting 3He superfluid Majorana fermions.

e 3He superfluid is a good venue for studying interaction effect
on Majorana fermions.




