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Key symmetries of superconductivity
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* superconductivity: general introduction

o Cooper pairing: symmetry aspects
role of inversion and time reversal symmetry

e superconductivity in the absence of inversion and time reversal sym.

* lack of inversion symmetry: non-centrosymmetric superconductors
and some of their physical properties



Superconductivity

_ | Field expulsion (1933)
Electrical resistance (1911) Meissner-Ochsenfeld effect
A

Py

2 B
®

>
T, temperature >T ; T< Tc
Superconductivity as a thermodynamic phase BA

London theory (1935) density of superconducting electrons ]

VxAj=-B - - \4/2\v

T e [VZB - X’B } =
VxB=—/] mc .
C " X

London penetration depth ~__ A



Superconductivity

_ | Field expulsion (1933)
Electrical resistance (1911) Meissner-Ochsenfeld effect
A
Py
> B
®
>
T, temperature > Tc I< TC
Superconductivity as a thermodynamic phase
Ginzburg-Landau theory (1950) order parameter

Superconductivity described by U(F) = |\I;(7-‘)|ei¢(’f")

a complex macroscopic wave function

==p Phenomenology of superconductivity



Superconductivity

. . Field expulsion (1933)
Electrical resistance (1911) Meissner-Ochsenfeld effect

A
Fa AA AA
= B
©

________ B

> ok
Tc temperature Anderson_HiggS < TC
S mechanism

\If(’r-") violates U(1)-gauge symmetry | order parameter

1 1 B(7) = [ B ()]0
superconductivity
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supplement

Ginzburg-Landau theory

2" order phase transition from normal to superconducting state
spontaneous symmetry breaking

: 7 macroscopic
order parameter: | I — ‘\I}‘G ¢ iy funcﬁon

|W| =0  normalphase T>T,

|W| #£ 0  superconducting phase T<T,

Free energy expansion at T,

F[U] = o(T — T.)|0? + bjw/*

||

scalar under ix
25 b >0 U(1)-gauge operation ¥ — We




supplement

Ginzburg-Landau theory

2" order phase transition from normal to superconducting state
spontaneous symmetry breaking

: 7 macroscopic
order parameter: | I — ‘\I}‘@ ¢ iy func’Z.on

a(T, —T) 9

= 2b determinec | spontaneous breaking

phase ¢ free of U(1) symmetry
Free energy expansomar 1 /plc / )

2 4
Fl¥Y|=a(T -T.)|¥|* + b|¥| ( »
a,b >0 scalar under U — lIle":X et |\I/|
b

U(1)-gauge operation




supplement

Ginzburg-Landau theory

local U(1)-gauge invariance

Free energy functional

ﬂmﬂ:/&r

—

. V x A)?
o(T — T,)|¥|? + b|¥|* + K|D|? + ( ;r )

- h — — -

a,b, K >0 gradient D = ;V ?eA vector potential A

variational equations
2 12 5 4Am
{a+2b|\1!| _ KD }\11:0 VxB=="J,
inhomogeneous supercurrent  J, = 4 . {\I/*(D'\Il) _ \11(13\11)*}
oder parameter e
structures

London equation V2B + A 2B=0

domain walls, vortices

etc ,massive photon Anderson-figgs

mechanism



supplement

Ginzburg-Landau theory

local U(1)-gauge invariance

Free energy functional
PA I (v e oM
/

single-valued macroscopic wave function ¥(7) = |¥(7)|e*(™

f ds - fs =0
flux quantization

hc

persistent current . . oz
dissipation free O = n(I)O =N 9%

\ /

structures London equation V2B + A"2B =0

domain walls, vortices

etc ,massive photon Anderson-Figgs

mechanism
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Microscopic theory of superconductivity
Bardeen-Cooper-Schrieffer (BCS) (1957)

Superconducting state as a coherent state of electron Cooper pairs

) =H|¢rg> with  |®z) = uz|0,0) + vz|1,1) 7
k

1+k1)

0,0)z  Oelectron
in each single-electron state 4
|-k l)

[1,1)z 1 electron

Cooper pairs
~ o O free adding / removing
of Cooper pairs
f total momentum \

5 number of pairs
k| Piot =0 not fixed



Microscopic theory of superconductivity
Bardeen-Cooper-Schrieffer (BCS) (1957)

Superconducting state as a coherent state of electron Cooper pairs

) =111%0  win |®2) = ug|0,0); + vg|1, 1)
k

pair wave function

_ AT __ __
11, 1)z = CETC—k’l'O’O}E \IIE = <\I’|C_ElCET|\If> = UpUg
U(1)- gauge operation
io phase 2c o o free adding / removing
ks 7 Cis® conjugate to pair number Xe of Cooper pairs

!

SU[oe e limes - humber of pairs

order parameter e not fixed

120
v P \IJEe macroscopic
wavefunction




Pairing interaction - electron phonon (BCS)

Cooper pair formation (bound state of 2 electrons) needs attractive interaction

attractive interaction

! |

R ¢ O scattering between electron states
-l -G B--@--__ .
N .~ S A R with degenerate energy
Gt =c_p
@ --0---9---0--0---0---0 o



Alternative mechanism for Cooper pairing

Pairing by magnetic fluctuations:  Berk & Schrieffer (1966)

Quantum Critical
Point

oooo&‘o
e o o 3hs sy
e o o 4%
.*/:.;:,.

easily spin polarizable medium
longer ranged interaction

!

pairing for higher
angular momentum

temperature (K)




Cooper pair symmetry

Symmetry of pairs of identical electrons:

—

Ve = (c_g.Ci,) = P(k)Xss

ﬁ—l H—/
orbital  spin

Pauli principle: ks = - '
wave function totally antisymmetric i @ k— -k §<>8

under particle exchange

e spin
even parity: L=024,..., S=0 spin singlet
even odd
odd parity: L=135,.., S=1 spin triplet
odd even




Cooper pair symmetry

Symmetry of pairs of identical electrons:

—

‘I’g[= (c_zocp.) = P(k)Xss
Classification

Paulip| [ = (0, S = 0. most symmetric ,conventional pairing"
wave fu

underp L > 0 lower symmetry ,unconventional pairing”

J
e spin
even parity: L=024,..., S=0 spin singlet
even odd
odd parity: L=135,.., S=1 spin triplet
odd even




Cooper pair symmetry

Symmetry of pairs of identical electrons:

—

ks

0

\I!E(: (c_gucCp.) = qb(E)Xss,

~

key symmetries for this classification
Pauli p
wave fi ) ) i
mderd  tIMe reversal & Inversion
J
ot spin
even parity: L=024,..., S=0 spin singlet
even odd
odd parity: L=135,.., S=1 spin triplet
odd even




Anderson’s Theorems (1959,1984)

Cooper pairs with total momentum P, =0 | + ks)
form from degenerate quasiparticle states. | . E S/)

with 6,; = e—ks’

How to guarantee existence of degenerate partners?

® Spin singlet pairing: time reversal symmetry

k1) = TlkT)=|-kl) <= €5 T ¢_f
harmful: magnetic impurities, ferromagnetism,
Zeemann fields (paramagnetic limiting)
-
p
® Spin triplet pairing: inversion symmetry
k1) — Tk =|-k1) <= € =€_f

harmful:  crystal structure without inversion center
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Key symmetries and band structure

[ time reversal: | 2 — L _
Electron VZS) < T|k’ 8> — | k. S>
state: A = —
| inversion: Ilk, s) N k, 3)
==  orbital and spin part distinctly treated

Electron spectrum:

M= (e~ el g, +o Y K- {eh Fuwe, )

k,s

conserved

f

/
charge density S spin density
time reversal €x = €_j3 A =—A_g
inversion 5% =3 Ag =+A_z




Lack of time reversal symmetry

UGe superconductivity
: paramagnetic in a ferromagnet
R
R
4 . L B
Electrons in a ferromagnet / magnetic field.:
h2 Ez _gﬂBSzM
€ = and Zeeman field =
ko 2m —gupS,H
—gupsH
. Y




Band structure - band splitting

n°k?
h= Z ( ) k:—l—s + . Z C-. Usslcks’

kss’

/ -
h2 k2

Spin split energy spectrum: Bz, = —utao

2m

E a T E A T
Tl spin
\ / polarization ! \ / !
\/ | » |




Band structure - band splitting

R2k2
h= Z ( ) M) Chpalips T ) 20 (Cf Fovciy)

kss’

/ -
K2 k2

2m

i £a 1
Fermi surface
K splitting ! \ / !
X < i{

Spin split energy spectrum: Bz, =

majority

\




Lack of inversion symmetry - non-centrosymmetric

A
B
C
A
B
C

>WO>o0

motion of electron in electric field:

272 T
o Wk and special relativity B = — -k x F = h—E(E X 3
k- 2m c mc
spin-orbit coupling: —pugB-S = L (kx2)-S=adXg-S
me




Band structure - band splitting

h2k2
H= Z cp, + Z k X z)(cq Oss/Crq )

k:ss’

4 N
hk? .,
Spin split energy spectrum:  Eg, = o M + alk x Z|

E 4 E A

\ T/Lf Sg;z;:;t, L\ \T 7 / Tl(
\/ W/




Band structure - band splitting

HZ(

) cp, t o Z (k x z)(c.. Oss/Ciyr)

/

k ,8,8’
\
o h’k? ,
Spin split energy spectrum:  Ep, = o M + alk x Z|
K, o\
Fermi surface | T !
splitting \ /
<

)
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Superconducting phases

pair wave function W

(

v

-

spin singlet, even parity

5. _( 0. vk

T ( —y(k) 0 )
= i6¥y(k)

1 configuration %’?q SRR

Y(=k) = y(k)

~

k11
Vi

v
v

kTl
k||

)

p
spin triplet, odd parity




Superconducting phases

pair wave functon W 2

(

v v

-

spin singlet, even parity

-

b = 0 (k)
T ( —y(k) 0 )
= i6¥y(k)
1 configuration %’?q SRR

p(—k) = P (k)

F1T o T RTL )
Viir Yy
\ / . . .
spin triplet, odd parity
T _dm‘l‘zd dz
= id(k) - 36V
[ (=dy (k) + idy (k)| 17)
3 configurations < dz(k)u T+ 1)
— —h ﬁ—» -
C (da(K) 4 idy(K))| L1)
dlsS |
d(—k) = —d(k)

J




supplement

Anderson theorem for small perturbation

superconducting phase: bare T,=T,, and |04)\,;| ~ kgl

singlet pairing

i (22 ) = (w1 {1+ g A}

k
Tc = TcO 1. 7é TcO
no inversion no time reversal

o0 1 1 3 —
f(p)—RG;(Qn_H?;p_zn—l) p’?:kaT A = |X |



supplement

Anderson theorem for small perturbation

superconducting phase: bare 7,=1T,, and |C¥)\,;'| ~ kgl

triplet pairing

TcO k
Te ="Teo Te # Teo
A
' N
Ae=—A_z Xe =+ _; .
k L k — otherwise
no inversion no time reversal
X |l diF) A L d(k)
spin structure adapted to perturbation
o0 1 1 Az 3 Ak
Fo) = e ( o) = i =S
; m—1+ip 2n-—1 PE = TkgT, k Xz



supplement

Anderson theorem for small perturbation

superconducting phase: bare 7,=1T,, and |C¥)\ | ~ kgl

: . equal spin pairing
triplet pairing parallel to

T, " magnetic field

Te =Teo $ $ —Z

otherwise

no inversion no time reversal

Xz || d(k)

spin structure adapted to

_R B J— A_': —
f(p) e;(zn_1+ip 2n—1> Pk kT, g |)‘E|



supplement

Anderson theorem for small perturbation

superconducting phase: bare 7,=1T,, and |C¥)\,;'| ~ kgl

triplet pairing

no inversion
( Az Il d(k)
\spin structure adapted to perty ]

\ee/ 0 - _ ;—V

Z 1 1 2 kT -
— 2n—1—|—zp 2n — =

T " TRB1le [A7]



Anderson theorem for perturbations

H= 3~ ek o 30 Ny (e e, )
k,s k

k,s,s’
time reversal symmetry breaking inversion symmetry breaking
alp = —pupH alp = a(k x 2)
Zeeman coupling Rashba spin-orbit coupling

spin-singlet even-parity pairing
A A

T
> >

c
time reversal breaking inversion breaking




Anderson theorem for perturbations

"= Y e~ Wehycr, o X0 e {eh Fuvcry )
k,s k

k,s,s’
time reversal symmetry breaking inversion symmetry breaking
alp = —pupH alp = a(k x 2)
Zeeman coupling Rashba spin-orbit coupling

spin-triplet odd-parity pairing

A A

T . T X L d(k)

BN \

> >
time reversal breaking inversion breaking




Anderson theorem for perturbations

"= Y e~ Wehycr, o X0 e {eh Fuvcry )
k,s k

k,s,s’
time reversal symmetry breaking inversion symmetry breaking
alp = —pupH alp = a(k x 2)
Zeeman coupling Rashba spin-orbit coupling

spin-triplet odd-parity pairing
A
A T

(4

A 1 dF) Az |l d(k)

>
time reversal breaking

>
inversion breaking
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Anderson theorem for perturbations - summary

spin singlet
even parity

A

IS

time reversal breaking

T

>
inversion breaking

spin triplet odd parity
A
r1 T,
A 1 dF) \
> >
time reversal breaking time reversal breaking
A
r1 T,
> >
inversion breaking inversion breaking




Anderson theorem for perturbations - summary

spin singlet
even parity

A

\\

oNnin

broken time reversal symmetry

triplet odd parity

%

&

—

H L dk)

>

>
time reversal breaking time reversal time reversal breaking
A A A
TC TC TC
— — =
> > " " l>
inversion breaking inversion breaking inversion breaking




Anderson theorem for perturbations - summary

spin singlet
even parity

A

\\

T

>

time reversal breaki,

inversion breaki

N

spin triplet odd parity

H L dk)

>
time reversal hreakinn

broken inversion symmetry

T

c

~_

parity-mixing

combination

>

inversion breaking

\

>

time reversal breaking

inversion breaki




Structure of pairing states

time reversal symmetry broken (e.g. magnetic field)

-*( *) c:fc'i'y with spin

spin triplet state: \Il 7= varallel to field

Cooper pair —

spin expectation value ka X CZO( < > 7'é 0 d(k) 1 H

Inversion symmetry broken (e.g. non-centrosymmetric crystal)

combination of spin singlet and spin triplet state:  mixed parity state

A

G = {¢(E) +d(k) - ?f} i6Y

wn g | d(k)



Mixed parity states are non-unitary

unitary superconducting states: V= \iITE = | 260 o< 2x2 unit matrix

7l

A —

\PE={¢(E)+ (%) - é‘} i6Y

WLOL = (|9 + |d]%)s0 + {¢*d+ bd*} - & +i{dx d*} - &
x X « H
inversion symmetry time reversal

violated symmetry violated
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Ce-based heavy Fermion superconductors

CePt;Si

ambient pressure

Bauer et al (2004)

—

)\EZICXZZ

tetragonal crystal lattice

CeRnhSi, CelrSi,
5 6 T
5 _._-_'_'__'.L' H ‘.'.' L CelrSi,
[ \\.\\‘T\N % 4%\
Lo L [)sic . g \
g - (] & 2F
T AT
101 . I1|5I . I2I0I . I25 0 t.
0 1 2 3
p (kbar) Pressure (GPa)
Kimura et al. (2005) Onuki et al. (2005)
4 N
A coexistence of
o Ty AF and SC !
®
o
k, 2| AF
&
- km [
O >

-~

/‘ pressure

quantum critical point




Upper critical field

How to destroy Cooper pairs by a magnetic field?

Two types of depairing
e orbital depairing r\i@\q

Lorentz force
orb ~ (I)O
c2 2
2m&y hvp
0 Y
coherence length: wkpTy

® paramagnetic depairing

> 5t s

Xp H2 Hc t/”T
— = Y

2 P 8
magnetic condensation spin polarization
energy energy

HC kBTc
Hy, ~ ~

vV 47X p MB

Heavy Fermion superconductors:

effective electron mass: m™ > m,

,very slow Fermions®
& ~ 20 — 100A

mm) Orbital depairing mechanism weak

paramagnetic limiting important !?

strong magnetic correlations/order

!

unconventional pairing likely



Spin polarization - spin susceptibility

e spin singlet pairing —> Yosida behavior of spin susceptibility

pair breaking
by spin polarization

e spin triplet pairing x 4

no pair breaking
for equal-spin pairing

v = const. for Zl'(ié)ﬁ =0
note: S| H with d L S




Paramagnetic limiting field

destruction of superconductivity due to Zeeman splitting of electron spins

Compare the two energies at T=0K - thfz:;g;yf?;?w
' ' HC(O)2
superconducting condensation energy ~ Econd = —
paramagnetic energy Epara = % Ixp — x(0) H?
\\
, / spin susceptibility
Pauli susceptibility at T=0K

paramagnetic limiting field

)
% =iy — x(0)




Paramagnetic limiting field

destruction of superconductivity due to Zeeman splitting of electron spin states

: — thermodynamic
Compare the two energies at T=0K L itical fiel
. . H.(0)*
superconducting condensation energy Econd = =
paramagnetic energy Epara = 1{ xp — x(0)}H?
2
\\

. / spin susceptibility

Pauli susceptibility at T=0K

paramagnetic limiting field spin singlet pairing

B0
% =iy — x(0)




Paramagnetic limiting field

destruction of superconductivity due to Zeeman splitting of electron spin states

Compare the two energies at T=0K - thg:.rf:f;yf?jgm
H_.(0)2
superconducting condensation energy E.ong = 8(7(:)
paramagnetic energy Epura = % fyp — v (0)VH?
/ \
i tibilit
Pauli susceptibility P
paramagnetic limiting field spin triplet pairing
X A
___ H(0) .
p =
\/47"(Xp — x(0)) H, —

I >
T, T



Paramagnetic limiting field - mixed parity state

spin susceptibility of non-centrosymmetric SC

11—
HIZ A
o ky X/ 2 2
ANe=kxz=| —ks > 0.54———
O H17 ,
/,’ Yosida
as in CePt,Si, CeRhSi,, CelrSi, Y :
0 T, 1

paramagnetic limiting field

_ H,(0)
’ \/47T(Xp — x(0)) H | 2  noparamagn. limiting

H 1 Z  paramagnetic limiting




Paramagnetic limiting field - mixed parity state

spin susceptibility of non-centrosymmetric SC

ky
—k,
0

>
1

X 2 =

—

as in CePt,Si, CeRhSi,, CelrSi,

4 i " T T T T
CePt,Si

_ T. Yasuda et al.

0 L | L |
0.2 0.4

Temperature (K )
does not follow the expectations !

0.6

X/Xp

0.5+

1

__”

paramagnetic limiting

no paramagn. limiting



Upper critical field and paramagnetic limiting

CeRhSi,

Be2 (T)

40

30f PC~25-30 kbar

CeRhSi;

_’
20 H || Z
| no limiting
L]
10k limited
- # ~
H 1z
%.0 0.2 0.4 0.6 0.8 1.0 1.2
. T (K)
Kimura et al.

CelrSi,

400 ——————————T—————
CelrSij,
\ 2.6 GPa
300 - - =
H | 2
no limiting

100

limited

O 1 1 1 1 1 1
0 0.5
Onuki et al.

|

1.0 1.5

Temperature (K)

fits very well to theoretical
expectations of paramagnetic limiting




Upper critical field and paramagnetic limiting

CeRhSi,

Be2 (T)

Comparison with non-heavy Fermion SC

CelrSi,

T | T T T T T

40 e
~ 2.6 GPa

o P25 3 B |

_ S H| 2
T no limiting

20 H || | |
i '\a %

ol | limited | 26k |
- ~ limited
H 1z

%.0 . 0.2 . 0.4 ' 0.6 . 0.8 ' 1.0 1.2 o I S T SN NN SR T N

K 0 0.5 1.0 15
Kimura et al. Onuki et al_

Temperature (K)

fits very well to theoretical
expectations of paramagnetic limiting
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Structure of the pair wave function

—

G(F) = {Arp(F) + Apd(F) - 5} i6?

2 Fermi surfaces &z, =¢&r T a ‘E X Z

4 N

2 different pair i (,‘c’) — A, 1/)(]3) + A,

. —
wave functions: | A fc"
\ )




States at twin boundaries

non-centrosymmetric crystals can be twinned

Twin boundaries:
Fermi surfaces exchange role

o g

OO




States at twin boundaries

non-centrosymmetric crystals can be twinned

inversion

- ~
—

[‘I’A(E) = {A1¢(E) + Aj(k) : 0} z’&yl

Twin boundaries:
Fermi surfaces exchange role

B

OO




States at twin boundaries

non-centrosymmetric crystals can be twinned

a0 = (D) 2adlh) )i

Twin boundaries:
Fermi surfaces exchange role

j ' 5 (|A1], —|Ag])

e (1Aa], |Aa]) |
OO

=4 — ¢5]




States at twin boundaries

non-centrosymmetric crystals can be twinned

broken time
reversal symmetry
on twin boundary

[q:A(k) {A1¢(k)+AzYE)-3} A
|Ag|

Twin boundaries:
Fermi surfaces exchan

0 0.05 0.10

1/vV2 =~ 0.71

0.15 0.20

e (1Aa], |Aa]) |

OO

Z Iniotakis et al T/T,
y
' "2 (|A1], —|Ag]) )

=4 — ¢5]




States at twin boundaries

non-centrosymmetric crystals can be twinned

Qo

Pt1 [/
C

b

a’/

Q
|
)

broken time
reversal symmetry
on twin boundary

1.0

0.8

0.4

@(E) = {Aw(R) + Aod(R) - 5}

broken time reversal symmetry

line defects of phase ¢
on twin boundary

1

fractional vortices strongly

pinned on twin boundary

( Iniotakis, Fujimoto, Savary & MS

impediment
for flux flow

high barrier

1/vV2 ~ 0.71

107

10°

oIn(M,_)/oIn (T)

10"

. CePt,Si

Miclea, Mota |
et al.(2008)

300 1000
T (mK)




Quasiparticle tunneling
multigap features and zero-bias anomalies

ratio

S- VS p-wave
even vs odd ’A1|/|A2|

100.,... B
i dominant metal
IS O O odd-parity

NS-tunneling
spectroscopy

non-centrosym SC

T -

T TN O

! :‘:_f_'_','_’_’,ﬂ dominant
1N O O even-parity

_3| ) |_2: . |_1| R S L L + _

VB (B = A(h) = A, d(’l“;;ﬁ"“'
k

.




Quasiparticle tunneling
multigap features and zero-bias anomalies

ratio E/A N(E k)
S- VS p-wave
even vs odd

Max

EA N
; O O surface bound states
bt L] for dominantly

-3 -2 -1

o2 3 + - odd-parity pairing state

0
6V Amax g —
/ U, (k)=A1y(k) £. C. Iniotakis et al. (2007)



Quasiparticle tunneling
multigap features and zero-bias anomalies

\ E/A N(E k)
2

Max

surface bound states
for dominantly

s | different spin structure for
N
_ two branches
) —
—— spin currents carried by
S [ = Surface states
© SF----1
B3 Vorontsov et al.
S
2 __/\\ 5":}:"'"_ —— J
R P AN O
| _ ....... - _ X
0_3. _|21 _11 procpeengert 11 N B ; + _

eV/A

odd-parity pairing state

C. Iniotakis et al. (2007)
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L] 2Pd 3B, L 2Pt3B Logdqn penetration depth
oL “I Li,Pd,B
o s Space group: '

P4332 cubic

alloy interpolation:
Li,(Pd,Pt,,)4B
Yuan et al.
Togano et al. (2004) (2005)

Nuclear magnetic resonance

0.09 —
T .
il 0.08 | | conventional :
. Q
:g 1 l L|2Pt3B §~ 01L
n 007 unconventional E
- o LidegB, H=1.46T ——BCS
T o LiZPtBB, H=0.26T ====- BCS
T ¢ LiPtB, H=035T
0_06 | 1 ] 1 1 1 1 001 :— /
0 2 4 6 8 L) — ]
Zheng et al. (2007) 1 10 50

T (K)
T (K)
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LaAlO, / SrTiO,4 heterostructure

SURFACE

e

o0 o o o0

%00 8008908900 (:0:

polar
band insulator

(La0)*

non-polar
band insulator

cocoooococo + | +1 + 1




LaAlO, / SrTiO,4 heterostructure

SURFACE

———— >
P -
"/&‘*’J »0@;70‘; ,é" o e

%00 8008908900 (:0:

o | 4go=g .,

W (La0)*

e s R

004900906000 .

-

s st (110)!

9008908908900 ;)

BRI oRE -  (TI0.)

©00§908908%00

o

(T0,)"

W’o (r0)°

cocoooococo + | +1 + 1

polar
band insulator

.

non-polar
band insulator

electronic
reconstruction
metallic layer



LaAlO, / SrTiO,4 heterostructure

¥

\

y (La0)*

74

f
L

re@ (La0)'

D (La0)
(Ti0)"
(Sr0)°
(Ti0,)"
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Conclusions

L , time reversal
* Cooper Pairing involves two key symmetries

inversion
* non-unitary states: spin polarized pairing lack of time reversal
mixed-parity pairing lack of inversion

* non-centrosymmetric superconductors with unconventional pairing

= rich in phenomena with a complex phenomenology

magnetoelectric pnenomena connection to spintronics and
multiferroics Edelstein, Mineev, Samokhin, Eschrig, ...

Josephson effect phase sensitive probes
Hayashi, Linder, Subdo, Borkje, ...

Coexistence of magnetism and superconductivity

at quantum critical points Yanase, Fujimoto, ...
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