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1. Half-quantum vortex

= Majorana zero mode is bound in half-quantum vortex = non-Abelian statistics
= stability of half-quantum vortex : strong-coupling effect & Fermi liquid correction

2. Surface Andreev bound state

= bulk (topologically non-trivial) <& vacuum (trivial) : surface Andreev bound state
= |inear dispersion behaves as Majorana fermion
= ecdge current relates to intrinsic angular momentum



Majorana Fermions
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Dirac fermion
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annihilation operator creation operator
for particle for anti-particle
Up (z,t) # Ul (z,1)
particle & anti-particle

zero energy = U ==-gs----

Majorana fermion
U (z, t) Z [¢E Blog + vp(x)ePta H

E>0
.'.
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self-conjugate operator
Majorana fermion = its own anti-particle

Candidate: 3He, SraRuQg4, noncentro SC, cold atoms, ...



Non-Abelian Statistics
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€ Zero energy mode

&%= Giau > bg % o Dirac zero mode = fermion {Oz, OzT} =
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G = G & ag = Oz]L Majorana zero mode # fermion Y =

¢ Non-degenerate zero modes

1 .
complex "fermion" ao = E(Oﬁ + iag) 2 Majorana zero modes

Non-localization of zero modes

= Non-Abelian statistics
Ilvanov, PRL 86, 268 (2001)




Half -Quantum Vortex
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. Half-quantum vortex (HQV)
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‘ (mass, spin)=(1/2, 1/2) spin polarized zero energy mode

Non-Abelian statistics

€ Integer vortex

¢ Qz - ’ W = (ky +iky) [ 11) + € [11)]
( ' Abelian statistics



Conditions for Realization of HQV
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1. I-vector (=orbital) is fixed: "chiral” ky+iky state

2. d-vector (=spin) rotates in plane perpendicular to |-vector
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Yamashita et al.,, PRL 101,025301 (2008)
thickness ~ 12.5um

4
L Solid AL
o
3 3 Superfluid A phase =
S Ll S
5 2 -
# | Superfluid B phase 3
L Q
& 1r @ picture from Kubota lab. @ ISSP
e Normal fluid o
0 1 1 1 rc?i' 2I3=_3hmm
Temperature (mK) e %

Yamashita et al., JLTP 158,353 (2010)



Vortex Phase Diagram
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Kawakami et al., PRB 79, 092596 (2009)
Tsutsumi et al, PRL 101, 135302 (2008)

Phase diagr'am in rotating 3He-A Minimizing the GL energy functional
between parallel plates T/T. =0.97

1000 SV Singular vortex ii-g: 1 strong-coupling effect O
<_ Fermi liquid correction X
100 AT theory for high pressure

and high temperature

—
.

== rotating cryostat for sub-mK
@ ISSP

Rotation
Q[rad/sec]

$mdm
$mGmm
$mdmim

Vortex-free

0L 0 T T o0 T 000

o
—
T




Fermi Liquid Corrections and Strong-Coupling Effect
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Gradient term in 6L functional

e'® (d),, (kz +iky) d = (cosa,sina,0)

o= [ T8 5

mass current Spin current
Pspin < il e.g., Salomaa and Volovik, PRL '85
0 Vakaryuk and Leggett, PRL '09
S

" Fermi liquid correction '

strong-coupling effect ¢

Kawakami, Mizushima, Machida, preprint

strong-coupling correction = stabilization for A-phase

HQV+HQV = singular vortex = Abelian statistics



Phase Diagram for 3He in a slab
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MR Receiver ol Glass strong-coupling effect > Fermi liquid correction
\ HQV is unstable
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can be controlled

v thickness < 1um = A-phase is stable in low pressure and temperature
HQV is stable by Fermi liquid correction

v'How to observe? = HQV pair may have NMR satellite peak  Kee and Maki, EPL 80, 46003 (2007)
singular vortex has no signal



3He as

Superconductor/
superfluid

topologically
non-trivial

Vacuum

trivial

a Topological Superfluid

Topological # defined in momentum space
v=21~ 2D p+ip
V = ZQ 2D BW

Read and Green, PRB 61, 10267 (2000)
Schnyder et al., PRB 78, 195125 (2008)
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™. Surface Andreev bound states
~ topological phase ftransition

Qi, Hughes, Raghu, S.C.Zhang, PRL 102, 187001 (2009)
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Observation of Surface Andreev Bound States
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° . . - . Surface density of states
Choi et al., PRL 96, 125301 (2006) b e
L P i | T=02T,
A 1131bar —5=00
P ‘ISC T, =1.897 mK 8= 8-%
3 . =10

C (MJ/K)
SDOS

E/A
T Nagato et al., JLTP 1998

0.7 0.8 0.9 1.0 1.1 1.2

QT ransverse acoustic impedance
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stress tensor of 3He
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Self-hermitian fermions
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Tsutsumi, Mizushima, Ichioka, Machida, JPSJ 79, 113601 (2010)



Surface Andreev Bound State in B-phase

Majorana cone
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@A-phase : mass current
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Intrinsic angular momentum?




HQV in Sr2RuQ4 |
‘QHaIf—quantum vortex (HQV)

= Majorana zero mode in HQV = Non-Abelian statistics

= Strong-coupling effect makes HQV unstable RIS 4 B

How to observe HQV?
= Quasi-classical theory for HQV pair

Budalian-Macno group, 2010
@Surface Andreev bound state

= Non-trivial topological invariant in bulk makes surface state

= |_inear dispersion behaves as Majorana fermion

= Thickness of sample = variation of surface state

Edge mass current in A-phase < Intrinsic angular momentum
?



