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2YSR chains 

Franke et al., Science 2011

MnPc on Pb(111)

higher spins & multiple channels

 exchange coupling
 crystal fields
 magnetic anisotropy
 …
 quantum spins
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Novel quantum phases

YSR chains 

Yazdani group, Science (2014)

see also:
Ruby et al., PRL (2015)
Pawlak et al., npj QI (2016)
Feldman et al., Nat. Phys. (2017)
Jeon et al., Science (2017)
Kim et al., Sci. Adv. (2018)
…

Fe adatoms on Pb(110)
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Dimers … 

YSR chains 

PNAS 2021

Nat. Comm. 2021

Nat. Comm. 2022

PRL 2018 Mn on Pb

Gd on Bi/Nb

Cr on Nb

Fe on NbSe2

CuPc on 
NbSe2Nano Lett. 2018

PRL 2018

Cr on Bi2Pd
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Outline

YSR chains

Katharina FrankeJacob Steiner Christophe Mora

 YSR states in real metals
FvO & K. Franke
PRB 103, 205424 (2021) 

 Quantum magnetism  topological 
superconductivity in YSR chains
J. Steiner, C. Mora, K. Franke, FvO, 
PRL 128, 036801 (2022)

 Quantum spins and hybridization in 
chains of magnetic adatoms on a SC
E. Liebhaber, …, FvO, K. Franke 
Nature Comm. 13, 2160 (2022)

 YSR in real metals: 
monomers & dimers

 Adatom chains: quantum
magnetism & topological
superconductivity

 Diode effect in YSR 
Josephson junctions

 Quantum Yu-Shiba-Rusinov dimers
H. Schmid, J. Steiner, K. Franke, FvO
PRB 105, 235406 (2022) 

Harald Schmid
Larissa 

Melischek Martina Trahms

 Diode behavior in JJs w/ magnetic atom      
M. Trahms, …, FvO, K. Franke 
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Andreev and Majorana states

Quantum Computer

1D
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Majorana bound state

 only half a fermionic state
 stuck at zero energy
 particle-hole symmetric 

(particle=antiparticle)
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Subgap states in SCs

Quantum Computer
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YSR states & quantum phase transition

YSR chains 

K

D
even odd

-D

Farinacci, .. FvO, Franke, PRL 2018

FeP on Pb
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Screening

YSR chains
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Even fermion parity: Odd parity (q):

&

Odd parity (c):

&

or

Adatom spin is screened only in the quantum case!
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Crystal field effects

YSR chains 

మ

మ మ

Ruby, … FvO, Franke, PRL 2016
(Also: Choi et al. Nat. Comm. 2017)
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Magnetic anisotropy

YSR chains 

FvO & K. Franke, PRB 103, 205424 (2021)

• anisotropy frustrates
transverse exchange

• importance of
Kramers degeneracy

Easy axis (D<0) Easy plane (D>0)
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Phase diagrams

YSR chains 

ZBM

NRG
Zitko et al., PRB 2011

 qualitative agreement, also for excitation spectra

 D>0; half-integer spin: Kondo renormalizations
FvO & K. Franke, PRB 103, 205424 (2021)

N=2
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Dimers: Quantum vs classical

YSR chains
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from RKKY energy

benefit from RKKY energy

&

does not!

H. Schmid, J. Steiner, K. Franke, FvO, PRB 105, 235406 (2022) 

Franke group 2022
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Quantum YSR dimer

YSR chains

NRG Zero-bandwidth model

Yao et al., PRB 2014

𝑱

𝑱

H. Schmid, J. Steiner, K. Franke, FvO, PRB 105, 235406 (2022) 
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Large S is not classical

YSR chains 

Spin 1/2

FM phase boundary:
unscreened/ 
doubly screened

H. Schmid, J. Steiner, K. Franke, FvO, PRB 105, 235406 (2022) 
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Single-ion anisotropy: not classical! 

YSR chains 

easy axis

easy plane
H. Schmid, J. Steiner, K. Franke, FvO, PRB 105, 235406 (2022) 
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RKKY-induced quantum phase transition

YSR chains 

Fe on NbSe2

E. Liebhaber, …, FvO, K. Franke, Nature Comm. 13, 2160 (2022)
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Adatom chains

YSR chains

D

 Antiferromagnetic exchange K: Kondo and YSR states
 RKKY interaction J: quantum spin chain
 Electron-electron interactions D: superconductivity

e-

e-

Correlated
spin-fermion 

dynamics
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Mapping to t-J model (spin 1/2)

YSR chains

RKKY
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Phase diagram (S=1/2)

YSR chains

classical quantum

Parent state for top. SC

J. Steiner, C. Mora, K. Franke, FvO, PRL 128, 036801 (2022)
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Phase diagram

YSR chains

spin-1/2 Heisenberg chain

FM AFM

fully screened spins

metallic 
ferromagnet
(parent of TSC)

spin-singlet
superconductor

J. Steiner, C. Mora, K. Franke, FvO, PRL 128, 036801 (2022)
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Metallic ferromagnet
& topological superconductivity

YSR chains

cp.: Stoudenmire et al., PRB 2011  

Topological superconductivity:

• Parent state: ferromagnetic metal

• Break continuous symmetry
(here: ferromagnetic Ising RKKY)

• Spin-orbit coupling

୦
୭
୪ୣ
ୱ

J. Steiner, C. Mora, K. Franke, FvO, PRL 128, 036801 (2022)
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Local excitation spectra

YSR chains

RKKY

quantum spin chain

all spins screened

x

RKKY

STM tip

x

x

J. Steiner, C. Mora, K. Franke, FvO, PRL 128, 036801 (2022)
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Conclusions

YSR chains 

 Yu-Shiba-Rusinov states in real metals
FvO & K.J. Franke, PRB 103, 205424 (2021) 

 Quantum magnetism and topological superconductivity in Yu-
Shiba-Rusinov chains
J. Steiner, C. Mora, K. Franke, FvO, PRL 128, 036801 (2022)

 Quantum Yu-Shiba-Rusinov dimers
H. Schmid, J. Steiner, K. Franke, FvO, PRB 105, 235406 (2022)

 Quantum spins and hybridization in magnetic chains on a SC      
Liebhaber, …, FvO, K. Franke, Nature Comm. 13, 2160 (2022)

 Diode behavior in JJs w/ magnetic atom      
M. Trahms, L. Melischek, J. Steiner…, FvO, K. Franke, submitted 

 YSR states in real metals: Importance of higher spins, multiple 
channels, single-ion anisotropy

 Zero-bandwidth model: Qualitatively reproduces NRG 
calculations

 Quantum spins: screened adatom spin & Kramers degeneracy

 Chains: Mapping to t-J model & reduced phase space for TSC

 Diode behavior in JJs with single magnetic atom




