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outline: 
material classes of novel superconductors
unconventional superconductivity – Cooper pairing symmetry
chiral superconductors – topological phase
key symmetries: time reversal and inversion
non-centrosymmetric superconductors – artificially structured systems
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Novel superconductors

How to find new superconductors with high Tc ?

Matthias‘ rules:   trivialized

1.high crystal symmetry
2.high density of states
3.stay away from oxygen
4.stay away from magnetism
5.stay away from insulators
6.stay away from theorists

Bernd T. Matthias (1918-1980)



Novel superconductors
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Novel superconductors

Cuprate high-temperature superconductors

layered structure
of CuO2 planes

superconductivity
through doping of an 

antiferromagnetic insultatorTc ⇠ 30� 134 K
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Novel superconductors

Cuprate high-temperature superconductors

layered structure
of CuO2 planes
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Novel superconductors

Matthias‘ rules:
1. high crystal symmetry
2. high density of states
3. stay away from oxygen
4. stay away from magnetism
5. stay away from insulators
6. stay away from theorists

predicted by
Neil Ashcroft (1968)

H + S + C

Snider et al, Nature (Oct ’20)

High pressure phases:  “metallic H”

Drozdov et al, Nature (2015)



Conventional vs Unconventional Superconductivity

BCS concept and Cooper pairing



Superconductivity  - BCS concept
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Superconductivity  - BCS concept

Fermi 
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pair wave function

|~k, s;�~k, s0i = c†~ksc
†
�~ks0

|0i

spontaneous symmetry breaking
U(1) : c~ks �! ei�c~ks

broken U(1)-gauge symmetry

 ̂(~k) �! ei2� ̂(~k)

Meissner-screening / London
off-

diagonal

 ss0(k) = h BCS|ĉ�ks0 ĉks| BCSi
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Superconductivity  - symmetry properties

Pauli exclusion principle - Fermion exchange
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Superconductivity  - symmetry properties

conventional superconductors

s-wave pairing
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` = 0, S = 0 electron-phonon coupling

attractive pairing interaction

unconventional superconductors
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Chiral superconductor

example of a 
topological superconductor



Chiral superconductors

Unconventional superconductors with quasi-2D electronic properties

Nishikubo, Kudo & Nohara (2011)

Maeno et al  (1994)
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Chiral superconductors

Unconventional superconductors with quasi-2D electronic properties

Nishikubo, Kudo & Nohara (2011)
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Chiral p-wave phase
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Chiral p-wave phase – symmetry and magnetism
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Chiral p-wave phase – symmetry and magnetism
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Chiral p-wave phase – symmetry and magnetism

Mz = µBLz
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µSR - zero-field relaxtion

Luke et al (1998)



Chiral p-wave phase – chiral edge states

bulk edge correspondence
scattering at surface            subgab bound states
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Chiral p-wave phase – chiral edge states
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Chiral d-wave phase 
Cooper pair wave function

even parity  spin singlet

angular momentum 

spin singlet
pairing

time reversal symmetry breaking

2-fold degenerate
intrinsic magnetism

chiral domains
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PSI – µSR group,   Biswas et al (2014)
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Chiral superconductors

Unconventional superconductors with quasi-2D electronic properties

Nishikubo, Kudo & Nohara (2011)

Maeno et al  (1994)
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Superconductivity  - key symmetries

time reversal and inversion symmetry

degenerate partners form zero-momentum Cooper pairs

|ksi K̂|ksi = |� ks̄i

time reversal:

⇠ks = ⇠�ks̄

H0 =
X

k,s

⇠ksĉ
†
ksĉks

inversion:

|ksi Î|ksi = |� ksi ⇠ks = ⇠�ks

Fermi 
sea

|� ks0i

|ksi
electron kinetic energy

opposite spin
partners

same spin
partners



Superconductivity  - key symmetries

|~k, "i

|� ~k, "i

|� ~k, #i

|~k, #i

Anderson’s Theorem

even-parity
spin-singlet

pairing

odd-parity
spin-triplet
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Superconductivity  - key symmetries

time reversal and inversion symmetry

H0 =
X
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y = ⇠�k �̂0 � ��k · �

Î : ⌅̂k = ⌅̂�k = ⇠�k �̂0 + ��k · �
lacking:

time reversal symmetry �k = ��k �k = H

⇠k = ⇠�k

Zeeman field

H0 =
X

k,s

⇠kĉ
†
ksĉks

UGe2

ferromagnet

superconductor

no spin singlet 
pairing



Superconductivity  - key symmetries

time reversal and inversion symmetry
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†
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Superconductivity  - key symmetries

time reversal and inversion symmetry

H0 =
X

k,s,s0

⌅k,ss0 ĉ
†
ksĉks0

⌅̂k = ⇠k �̂0 + �k · �⇠k = ⇠�k

H0 =
X

k,s

⇠kĉ
†
ksĉks

Fermi surface spin splitting
magnetic field �k = ↵k ⇥ ẑRashba SOC�k = H

kx

ky

kx

ky



Superconductivity  - non-centrosymmetric superconductors

kx

ky

Rashba spin-orbit coupling

<latexit sha1_base64="DZuR8SR7wGZzdy8Fqour0jArOBA="></latexit>

H0 =
X

k,s,s0

{⇠k�̂
0 + ↵(kx�̂

y
� ky�̂

x)}ĉ†ksĉks0

electronic spin structure determines Cooper pairing symmetry

mixed-parity pairing

<latexit sha1_base64="p+N7mPGQ3SixZqGYaRGsgQEshJc="></latexit>

 ̂(k) =

 
i⌘o(kx � iky) ⌘e

�⌘e i⌘o(kx + iky)

!
odd parity even parity

kk+kF

�kF

E

+�0

��0

continuum

continuum<latexit sha1_base64="3CQ2HfokMQ5jt7UBpI8IX+QkYxo="></latexit>
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helical
edge states

topological

spin surface currents



Superconductivity  - non-centrosymmetric superconductors

robustness against magnetic fields

depairing mechanisms
orbital depairing

B

“Lorentz force”

paramagnetic depairing
B

spin polarization
spin singlet 

coherence length
Cooper pair radius

<latexit sha1_base64="fjmidYDU3wH7waWfrznhz5kmUW4="></latexit>

H
orb
c =

�0

2⇡⇠20

<latexit sha1_base64="McmvFKpjzzCpPUhU0e6f3V6NEvM="></latexit>

H
para
c =

kBTc

µB

no
paramagnetic
depairing

paramagnetic
depairing

CeIrSi3

AF
SC

Onuki, Settai group

heavy Fermion
superconductor

very short
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affected by
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Superconductivity  - helical phase

magneto-electric effect

kx

ky



Superconductivity  - artificial non-centrosymmetricity

superconductivity at interface LaAlO3 / SrTiO3

polar band 
insulator

non-polar 
band insulator

2D metallic 
state

groups of H.W. Huang
J. Mannhardt
JM. Triscone
K.A. Moler, …

superconductivity

gate voltage
signatures of magnetism-SC coexistence role of non-centrosymmetricity ?

LaAlO3

SrTiO3



Superconductivity  - artificial non-centrosymmetricity
superconductivity in superlattices CeCoIn5/YbCoIn5

(Ce,Yb) = (n,5)
Matsuda group

non-centrosym

metallic

metallic

Ce-115

Yb-115

Yb-115

model system  (Ce,Yb)= (3,5)

Yanase group 

very robust 
against 

paramagnetic
limiting

with external magnetic fields
• pair density wave phase

• complex stripe phase
• topological crystalline SC

CeCoIn5

Tc = 2.4 K

centrosymmetric
crystal

heavy Fermion 
superconductor



Superconductivity  - design of topological pairing
generating Majorana Fermions in nanowires

exp groups of Kouvenhoven, 
Marcus, Yasdani, ...proximity induced odd-parity superconductivity in nanowire

spin-orbit coupling:    s-wave induces mixed-parity s+p-wave
magnetic field:            only “spin-polarized” p-wave remains 

M. Franz: Nature NanoTech 8, 149 (2013)    

Marcus group

Majorana mode topological superconductor

magnetic
field

nanowire B

superconductor

edge state at ends of nanowire

theoretical proposal: Oreg, Refael & von Oppen

hopes for topological
quantum computation

tunneling
spectroscopy



Conclusion

unconventional superconductors
larger set of superconducting phases and additional
spontaneously broken symmetries (e.g. time reversal) 

topological superconducting phases

novel superconducting phenomena

key symmetries: time reversal and inversion
influence on structure of pairing states

design of superconducting phases through
artificial structuring

external parameter

T
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