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® artificial structures:
new properties and robustness of superconducting phases

® unconventional superconductivity in confined spaces
e spin-triplet superconductivity: d-vector manipulation



Artificially structured superconductors

Small devices give insights into the structure
of the superconducting condensate
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Heterostructures / superlattices
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Heterostructures / superlattices

LaAlO, / SrTiO,

SURFACE
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Heterostructures / superlattices

LaAlO, / SrTiO,

SURFACE
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Heterostructures / superlattices
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Heavy Fermion superconductors

CeColng
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Heavy Fermion superconductors

aramagnetic limiting & “FFLO”
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Heavy Fermion superconductors

paramagnetic limiting & “FFLO”
CeColn, »
.. specific heat map
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Heavy Fermion superconductors

paramagnetic limiting & “FFLO”

specific heat map
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eterostructures / superiataces

“towards a more 2D system”

CeColn; / YbColn,

........
........

e CeColn; heavy Fermion

YbCoIn5 ordinary metal
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Matsuda & Shibauchi group (Ce,Yb) = (n,5)
(2011)



CeColng
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“towards a more 2D system”

CeColn; / YbColn,
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Matsuda & Shibauchi group (Ce,Yb) = (n,5)
(2011)
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Non-centrosymmetricity

heterostructure superlattice

non- YbColn,
centrosymmetric
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lack of
mirror symmetry
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Rashba spin-orbit coupling
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Non-centrosymmetric superconductors

Heavy Fermion superconductors

Bauer et al
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Non-centrosymmetric superconductors

Heavy Fermion superconductors

CePt,Si

spin susceptibility

29Si-Knight shift
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Non-centrosymmetric superconductors

Heavy Fermion superconductors

CePt,Si
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Non-centrosymmetric superconductors

Heavy Fermion superconductors

upper critical field

spin susceptibility
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Non-centrosymmetric superconductors

Heavy Fermion superconductors

not heavy Fermion

upper critical field
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light electrons = large &



Heterostructure — LAO/STO

LaAlO, / SrTiO,

Does non-centrosymmetricity
play a role
for upper critical field?



Heterostructure — LAO/STO

LaAlO, / SITIO, o
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Superlattice — Ce115/Yb115

CeColn; / YbColn.

superconducting
layers




Superlattice — Ce115/Yb115

CeColn; / YbColn.
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Superlattice — Ce115 / Yb115

paramagnetic limiting
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Superlattice — Ce115 / Yb115

pair density wave model system :  without orbital depairing
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Helical phase - heterostructure

in-plane magnetic field

H,
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Helical phase - heterostructure

in-plane magnetic field Edelstein; Dimitrova & Feigelman
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Helical phase - heterostructure

in-plane magnetic field

H Aeiq'r gauge freedom
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Helical phase - superlattice — Ce115 / Yb115

in-plane magnetic field model - helical phase

pure helical
H 0 phases

| +a Aél)e+iqw




Helical phase - superlattice — Ce115 / Yb115

in-plane magnetic field

Hy Tl SOC
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Helical phase - superlattice — Ce115 / Yb115

in-plane magnetic field model - helical phase

pure helical interlayer
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Helical phase - superlattice — Ce115 / Yb115

in-plane magnetic field
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Ru-Sr,RuQ, eutectics



spin-triplet odd-parity

dk) = % (ky+ik,)

Maeno et al (1994)

T, ~ 15K

Deguchi & Maeno



Eutectic Sr,RuQ,-Ru

nucleation of inhomogeneous
superconductivity

um-sized
Ru-metal
inclusions

onset

percolating bulk
superconductivity

T*~2xT,~ 3K

" . "
Maeno et al (1997) 3 - KeIV|n phase



Eutectic Sr,RuQ,-Ru - nucleation

superconductivity
nucleates
at interface

MS & Monien

energetically favored
time reversal symmetry
conserving



superconductivity very clean interfaces

nucleates
at interface

MS & Monien

energetically favored
time reversal symmetry

conserving - Liu & Mao groups



superconductivity
nucleates
at interface
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Sequence of phases

first nucleation

T a
Ru T *
~3K
Ty ______
T-violating transition T '
¢ percolation

Ru

bulk SC

Kaneyasu et al (2010)



Sequence of phases

critical current of 3K-phase

first nucleation
right moving
current 1

left moving current
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A-to-B transition - zero-bias anomaly

Tunneling through Ru-inclusions

Au/Ti electrode
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A-to-B transition - zero-bias anomaly

Tunneling through Ru-inclusions

Au/Ti electrode
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SiO, insulating layer
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A-to-B transition - zero-bias anomaly

Tunneling spectroscopy Andreev bound states
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A-to-B transition - zero-bias anomaly

Tunneling spectroscopy Andreev bound states
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A-to-B transition - zero-bias anomaly

magnetic field direct contacts to Ru-inclusions
AuTTI ele\ctrode Si0, insulating layer
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A-to-B transition - zero-bias anomaly

Magnetic Field (T)

L I LI I I O HCJ/ab(up)
L A Hgo/fab(down)
C o Heflc
~ O H*// ab(up)
i m@@ A H*// ab(down)
i By o HYc
an i1l B ]
n 8 )
il 8 4 c2,onset
- ZBA — %) ¢ ;i
> i
_—%80& l =
- H, 7% . y
B 1 1| zl I 1 l%&?g ?M 1 1 1 ]
0 1 2 3 4

Temperature (K)

magnetic field induces
perpendicular component
once parallel component
IS present

parallel component

normal

magnetic field parallel z-axis

Zeeman coupling to

perpendicular component

normal

1

Cooper pair angular momentum
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Anomalous Josephson coupling

device — Josephson coupling

_| current
source

Nakamura, Maeno et al (2010)
z T

Pb




Anomalous Josephson coupling

device — Josephson coupling

_| current
source

T (K)

frustrated coupling
coupling into through Ru
chiral p-wave to 3K-phase

Etter et al Owen-Scalapino



Sr,RuQ,



intermediate half-flux quantum
n=1/2 R

0 —)
1 _J'-—;-J_. 3
cantilever magnetometer 60 : H, .
0

Budakian et al

inplane field supports

f half-flux qguantum steps e ,,f. ,,
- 72 76 80 84
H H, (Oe)

~, 141

Jang et al (2010)
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d-vector ,manipulation®

d-texture / d-soliton A
d(k) = Adg(k)

d(k,r) = |A(r)]e')") d(r)g(k)

E7T—jump of

/\/ d-vector

7r-phase winding of ¢
Volovik & Salomaa ;lvanov
(I)O - . (I)O Chung, Blum & Kim; .....
=2 [dl - Vo=—2
2 2 Vakaryuk & Leggett
Roberts, Budakian & Stone

half-flux quantum Kee & MS



d-vector ,manipulation®

d-texture / d-soliton A
d(k) = Adg(k)

d(k,r) = |A(r)|e") " d(r)g(k)

i TT-jump of
/\/d—vector
7T-phase winding of ¢ weak
Volovik & Salomaa ;lvanc spin-orbit coupling
P, - o d, Chung, Blum & Kim; ..... d-texture
=" [di Vg=2 t
271' 2 Vakaryuk & Leggett strong

Roberts, Budakian & Stc  SPin-orbit coupling
half-flux quantum Kee & MS d-soliton




d-vector ,manipulation

d-texture / d-soliton A
d(k) = Adg(k)

d(k,r) = |A(r)]e')") d(r)g(k)

E7T—jump of
/\/d-vector
7r-phase winding of @ supercurrent:
2T
spin polarization 0 /a

$————— spin current:

S ¢S oo A A
; Tom o |A]2 (d*x Vad)
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d-vector ,,manipulation®

d-texture / d-soliton netr2
60 6
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E 30 b
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magnetic field perpendicular to d-twist
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“ facilitates d-texture / d-soliton



d-vector ,manipulation®

d-twist in Josephson junctions

d; d>

® = @9 — @1 Josephson phase

di{-do = cosa
Asano; Brydon, Manske et al, ....

Josephson current: Josephson spin current:

J = Jpcosasin @ Js = JsoSinacos ¢



d-vector ,manipulation

d-twist in Josephson junctions

d; d>

® = @2 — @1 Josephson phase

A

di{-do = cosa

M
Josephson current: Josephson spin current:
J = Jpcosasin @ Js = JsoSinacos ¢

junction magnetization modifies current-phase coupling

F; = td, -Eigcosgb—l—t’M-(&1 X &Q)Sin¢




d-vector ,,manipulation®

d-twist in Josephson junctions

d>

® = @2 — @1 Josephson phase

A

di{-do = cosa

thin films of Sr,Ru0O,
Krockenberger et al (NTT)

T. < 1K

dq do




Jpportunities —this is just the beginning

Structured samples

SmFeAs(O,F)

a Design 1: 4-point b

Focussed lon Beam ,....

0.0t

Criticial current | =— 7 —
in magnetic field [
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.90 60 30 0=Hllat 30 50 90=Hilc
Angle (deg)

Moll, Batlogg et al



Structured samples

SmFeAs(O,F)
Focussed lon Bea

esgn Il: 2-point

Criticial current | = 7 ——
in magnetic field [

-a0 60 30 0=Hllab 30 0 90=Hilc
Angle (deg)

Moll, Batlogg et al

YBCO-LMO heterostructures

singlet-triplet
proximity FM

Au
YBCO
LMO
YBCO
LSAT

Krasnov & Bernhard groups




StFUCtu FEd Samples YBCO-LMO heterostructures

SmFeAs(O,F)
Focussed lon Bea

esgn Il: 2-point

singlet-triplet
proximity FM
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YBCO *——‘F
Lsat [ ]

Criticial current | =7 —
in magnetic field [

Little-Parks

oscillations
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Moll, Batlogg et al _ '
Liu & Mao groups (I)O/Q — d-textures ?






