Novel Proximity and Josephson effect
with triplet superconductors

Dirk Manske






Motivation

Spin-Triplet Superconductors (TSC)

Spin-Singlet

Ag = Ver Z<C—k¢cm>
k

Spin-Triplet

TFT Josephson junction Sr,RuO,

D.M. et al., PRL 2006, PRL 2009,

PRL 2010, PRL 2013 M.S. Anwar et al.,

Applied Phys. Express 8, 015502 (2015)

Spin-Singlet

A(k) = Ay
A(k) = Ag - (cos kg + cos ky)

Spin-Triplet

d=Az(k,*ik))

Y. Maeno et al.,
J. Phys. Soc. Japan 81, 011009 (2012)



Outline



Triplet Superconductivity: Theory reminder



Triplet-Ferromagnet-Triplet Josephson Junction



The TFT Junction



Calculating the current












Thickness of FM — More realistic calculations




Results - TFT Josephson Junctions (lattice model)

Oscillations lead to 0-it State Transitions

Current Densities on the Lattice

— Importance of M orientation

Phase Diagrams (chiral p,+ip,)
M /I d-vector

— 0. depends on |h| and L
— 0, depends on the OPs symmetry
— 0. 1s modified for 3D junctions

— Results with Self-Consistent Computations
— Results for 3D-Junctions
— Results for p, , p, and p,+ 1p, states




Results - Spin-Active Interface and Critical Current

With a spin-active interface ?
(M, in-plane)

nt

Reduction of the n-state domains «

Prediction for Experimental Measurements

Compare with Spin-Singlet Junction

V.A. Oboznov et al.
Phys. Rev. Letter 96, 197003 (2006)



Spin currents: 3 mechanisms






Spin flipping tunneling barrier



Spin current and time-reversal symmetry breaking



Spin current and time-reversal symmetry breaking



Spin current and time-reversal symmetry breaking



Fractional flux quanta



Fractional flux quanta






Engineering the fractional state



The Ginzburg-Landau perspective



Case II: T-F-S Josephson junction



Case III: NCS-I-S Josephson junction



Case III: NCS-I-S Josephson junction



Case III: NCS-I-S Josephson junction



Closer inspection on the interface



Interplay between and the Spin of the Cooper pairs
at the interface

1) FM - Chiral State Interface

OP spatial variations
and magnetic stability

2) FM — Helical State Interface

Control of the helical currents




1) FM — Chiral State Interface




Lattice Model

Extended Tight-Binding Model

TSC

-~ oo’ Tt oo’ x
Vinio-’n/jo-/ ~ V[ }7’2'7 CjO'/CiO + FZ] C;

/

F57 = (CioCjor)

— |Fy]% ]

K. Kuboki,
J. Phys. Soc. Jpn. 70, 2698 (2001)

K. Kuboki and H. Takahashi,
Phys. Rev. B. 70, 214524 (2004)

M. Cuoco et al.,
Phys. Rev. B. 78, 054503 (2008)

TSC




Results - Superconducting Order Parameter

Cooper pairs entering in the FM region
— Damped oscillatory behavior

depending on magnetization angle 6
— No induced spin-singlet components

— Oscillation period depends on |h| and v, E.A. Demler et al..
Phys. Rev. B 55, 15174 (1997)

Induced Pairing Amplitudes Induced Equal-Spin-Pairing

Phys. Rev. B. 88, 054516 (2013)



Results — Influence of spin-orbital coupling

Spin-flip scattering — spin-orbital coupling

PRL 111, 097003 (2013)



1) FM — Chiral State Interface
plus Spin-Active Interface



Results - Energy Stability & Magnetic Profile

Evaluation of the free energy G Free Interfaced Layer

G = —% In Tr[e~PHHF]

— M tends to be perpendicular to the d-vector
— The TSC favours an antiparallel configuration
— Induced spin-active interface (weak FM)

Phase Diagram

M in bulk fixed in a given direction

(antiparallel)

(misalignment,

induced)
(pinned)



2) FM — Helical State Interface




Helical Edge-States and Dissipationless Edge Currents

Fermi Surface and Edge States

x = —2t [COS(/C:CCL) + Cos(kya)] — 1 — N, gapless helical edge states
. — N, depends on the Fermi Surface
d = (sin(k,), sin(kz), 0) — Carry Edge Currents

N,=1 N,=2

Currents Along the Interface

(Topological TSC)



Results - Charge and Spin Current



Results - Tuning of the Edge Currents

Total Edge Currents

Spectral Functions: M // c-axis

— Spin and Charge Edge Currents depend
on N,

— Variations associated to the hybridization
of the gapless edge states

Comparison: N,=1 and N,=2




Experimental situation:
Current development



Experiment: the story begins (1)



Experiment: the story begins (2)



Experiment: the story begins (3)






Experiment: the story begins (4)



Summary (1): charge current



Summary (2): spin current



Summary (3)



Summary (3)



Summary (3)



Summary (4): interface effects

Proximity Effects Inverse Proximity Effects

— Reorientation of the d-vector
— Induced Spin-Polarization
— Modification of the Edge States

— Spatial Variations of the Induced OPs
(with or without oscillations)
— Induced Non-Trivial Magnetic Profile

Experimental Predictions

— Oscillating or Monotonous decreasing of the Critical Current:
Evidence of the 0-n Transitions

— Existence of an induced Spin-Active Interface

— Tuning of the Edge Currents at the TTSC interface

— Modulation of the Total Spin-Polarization




Thank you!



