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Outline

• Impurity effects (elastic, magnetic) in superconductors

• Boundary effects on superconductors

• Strong spin-dependent boundaries and Shiba states

• Hybridization effects of multiple Shiba bands



Impurity effects in superconductors: elastic scattering

Quasiclassical Eilenberger equation:

−"#⃗∇&' = [*+̂- + Δ0 + Σ2, &']

Selfenergy due to elastic scattering: Σ256 = 7
89:;

&' <=

Σ256, &' = 0

Homogeneous situation: &' = &' <=

Elastic scattering does not affect the thermodynamic
properties (e.g. the spectrum) à Anderson theorem (1959)
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Impurity effects in superconductors: magnetic scattering

! ↑

!# ↓
Self energy due to spin flip: Σ&'( = *

+ Γ-./̌1 23 45/̌1

Σ&'(, 23 45 ≠ 0

[Ambegaokar, Griffin (1965), Skalski (1965), Maki in Parks (1969)]

Magnetic impurities suppress superconductivity
[Abrikosov, Gorkov 1961]
à Gapless superconductivity

Γ-./Δ



Impurity scattering: From Yu-Shiba-Rusinov states to Shiba bands

!"#$ = &'⃗)⃗*

Single impurity: bound state energy +, =
-./0

-1/0

2 = 3&'45/2

Many impurities:  
formation of an impurity band Σ9 = :;̂

[Yu (1965); Shiba (1965); Rusinov (1965)]

[Zittartz, Bringer, Müller-Hartmann (1972)]

[From Balatski, Vekhter, Zhu (2006)]

;̂̅ = 2>?̂@AB?̂@ + 2D?̂@AB?̂@AB?̂@AB?̂@ + ⋯

=
2>?̂@AB?̂@

1 − 2> ?̂@AB >

+, = 0.5Δ

L ↑

L′ ↑

↑

↑

↑





Boundary conditions for quasiclassical Greens functions
Spin-independent scattering:
• General non-linear [Zaitsev 1984]
• Small transmission, diffusive [Kupriyanov, Lukichev 1988]
• Arbitray transmission, diffusive [Nazarov (1999)]
Spin-dependent scattering:
• General non-linear, implicit [Rainer, Sauls, Millis (1988)]
• Weak spin-dependence, diffusive [Huertas-Hernando, Nazarov, WB (2002)]
• Weak spin-dependence^2 [Cottet, Huertas-Hernando, WB, Nazarov (2009)]
• Strong spin-dependence, monodomain [Machon, WB (2015)]
• Strong spin-dependence, arbitrary doman [Eschrig et al. (2015)]

Consequence: expansion in the spin-mixing angle (for insulating interfaces) 

Σ"#$% = −()̂+
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[Eschrig and Löfwander, 
Nat. Phys. 2003]

Phase shift of the
reflection amplitudes

12 = 2↑ − 2↓
<↑ ↓ = =#>↑ ↓

[Huertas-Hernando, Nazarov, Belzig PRL 2002]

Spin mixing

• 100% spin valve
• Spin triplet pairing 
• Spin supercurrent

,> = ,- ∑ 12$$

12/2



Basis of „absolute spin-valve effect“:

D. Huertas-Hernando, Y. V. Nazarov, and W. Belzig, Phys. Rev. Lett. 88, 047003 (2002).

100% spin-polarized current!
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Testing the boundary: 
a superconductor in contact
with a magnetic insulator

Motivation: Experiments on spin transport

[Hübler, Wolf, Beckmann, von Lohneysen (2012) Wolf, Sürgers, Fischer, Beckmann (2014)]

Spin-relaxation length ~10$%
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Sum over all spin-active channels
à Fraction 78 of all channels

From Eilenberger/Usadel/Circuit theory we obtain:                              [Machon, Belzig, 2015]

Mapping: selfenergy for unpolarized interface spins can be related to impurity
selfenergy due to strong magnetic scatterers (Shiba states à Shiba impurity band)

Yu-Shiba-Rusinov states: #9 = Δ	 ;<=
>

;?=>
with scattering strength @ = ABC,D

Mapping to circuit model yields : @ = tan GH
I

and #9 = Δ	cos GH
J
	

à Scattering at FI has a similar effect as at strong magnetic impurities

234: spin-dependent phase shifts

Effective exchange parameter: 78#*+ = K

∑ [7. ℎ. P](.)% = [ΣUV4W, 'Y] with    ΣUV4W = K
Z[\>]>_̂`aY_̂`
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[WB, Beckmann, JMMM in press]



Effective exchange field (a,b)

ℎ"## = % sin)2

AG scattering rate

Γ,- = % sin. )2

Shiba energy

/0 = Δ cos)2

[WB, Beckmann, JMMM in press]

Effective Field

Abrikosov-Gorkov regime

Polarized Shiba regime

Shiba regime



Interacting
Shiba bands

2 sublattices with
!" = !$ = !
with different spin
mixing angles %"/$

•Orthogonal Shiba
bands
•Revealed in spin
polarised DOS
•Hybridized Shiba
bands
•Spin polarized
Shiba bands



Spin-dependent boundary effects in superconductors

• Formation of Shiba bands by strong spin scattering

• Spectroscopic signatures in the subgap density of states

• Opportunity for spin-polarized transport?

Wolfgang Belzig, Detlef Beckmann
J. Magn. Magn. Mater. (in press) [arXiv:1710.04413]


