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Superconducting Condensate
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Superconducting Condensate

Bardeen-Cooper-Schrieffer |
superconductivity as a electrons of opposite momenta

Fermi surface instability correlate to form
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Superconducting Condensate
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Helium-3 - unconventional superfluid

superfluid Helium 3
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Sr,RuQ, - chiral p-wave superconductor
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Sr,RuQ, - chiral p-wave superconductor
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Sr,RuQ, - chiral p-wave superconductor

magnetic moment
for charge particles

Cooper pair

anomalous
electromagnetism

2 = charge fluctuation

p=5-%2B t tic f
he generate magnetic flux

- e? - n currents generate
= ZE Xz transverse electric field

conserved
Lz - N "charge”

Volovik




Sr,RuQ, - chiral p-wave superconductor
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Sr,RuQ, - chiral p-wave superconductor
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Intrinsic magnetism ?

random local magnetism
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uSR - zero-field relaxtion

[ | |
ol B.~01-1G .
o - Luke et al
Oic? v, ch (1998)
0.05 [~ ‘59“_._ i a |
_ SrRwo,
0.00 5 3 5 3
Temperature {K}

muon-spin depolarization

mm) (ntrinsic magnetism

edge state currents

scanning probes at sample boundaries

ce ¢ edge shadow by lsample edge

cleave erra*
© [ :
-

scanning Hall
s Tamegai et al

. scanning SQUID
__________________________ Kirtley, Moler et al

magnetic signal
clearly below
expected bounds

y

no edge states ?

2001




edge states ?

local quasiparticle spectrum

chiral edge state

tunneling conductance
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chirality ?

polar Kerr effect
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chirality ?
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3 Kelvin phase - signatures of topology

Josephson coupling via Ru-inclusions
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3 Kelvin phase - signatures of topology

Josephson coupling via Ru-inclusions
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time reversal & Inversion symmetry

electrons which can be paired time reversal & inversion symmetry

ensure presence of
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electrons which can be paired time reversal & inversion symmetry
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lack of time reversal or inversion symmetry

== Cooper pairs with mixed parity / spin



Non-centrosymmetric superconductors

Ce-based heavy Fermion superconductor
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Non-centrosymmetric superconductors

Ce-based heavy Fermion superconductor

CePt,Si

Bauer et al (2004 . . .
) consequence: Rashba spin-orbit coupling
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Non-centrosymmetric superconductors

Hoo=a Y _ (2% k) Gss|k,s)(k,s T
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electronic spin structure determines &

Cooper pairing symmetry

"conventional” parity-mixed pairing state

odd parity even parity analog to 3He B-phase
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Helical edge states - Andreev bound states
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Helical edge states - Andreev bound states
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Quantum Spin Hall effect
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Helical edge states - Andreev bound states

s B
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tunnel-contact \
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Helical phase

magneto-electric effects




Magneto-electric effects - helical phase

effect of magnetic field on the Fermi surfaces )
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analog to Fulde-Ferrel phase (different mechanism)
Kaur et al, Dimitrova et al
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Magneto-electric effects - helical phase

effect of magnetic field on the Fermi surfaces

A

b T
g N
gauge freedom i | |. =N L,
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he T

phase gradient "removable”
no currents induced

\ /

==p  Cooper pairing with finite momentum

shift of Fermi surface centers

helical phase: IIl(f') — 11}0(77)33"?‘7'" with §= K (2 X H )

analog to Fulde-Ferrel phase (different mechanism)
Kaur et al, Dimitrova et al



Crystal twin domains
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Crystal twin domains

non-centrosymmetric crystals can be twinned

V() = Wo(ei T

opposite

helical phases
qr = +K (2 x H)




Inhomogeneous helical states

qr = -K(sz)— Al

small fields
== "wave function machting"

dy+ = Qy—

matching
at twin boundary



iInhomogeneous helical states

== "wave function machting"
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iInhomogeneous helical states
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iInhomogeneous helical states

first-order transition in a magnetic field - duced

magnetic field

$ Rl =
g

external
magnetic field

0
-0.0005
-0.001
- ns
“a0as
00008 -00035
4013 120 s
44g8
] 30
fo VE®
-140
-60
0 60
140 0

x/&()




iInhomogeneous helical states

first-order transition in a magnetic field

GCOE collaboration
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Conclusion

symmetry and topology classification of superconductors

class SU(2) TRS
D no no
DIl no yes
A restricted no
Alll restricted yes
C yes no
ClI yes yes

Schnyder, Ryu, Furusaki & Ludwig (2008)
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Conclusion

symmetry and topology classification of superconductors

class SU(2) TRS U(l)p,+s, XK

mixed-parity "s+p-wave"
D no no E

= helical
DIl n.o yes z, - edge states
A restricted no ot i spin current
Alll restricted yes
C yes no

U(l)s, x U(1)L,+¢

Cl yes yes

"chiral p-wave"

Schnyder, Ryu, Furusaki & Ludwig (2008) continuum chiral
edge states

charge current
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strongly correlated electron systems
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Unconventional Superconductors

strongly correlated electron systems

heavy Fermion compounds cuprate high-T_superconductors
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Unconventional Superconductors

strongly correlated electron systems

pnictide superconductors
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