Mesoscopic superconductivity

From Andreev transport to Andreev qubits
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Outline :

Introduction to mesoscopic superconductivity

1st part : Theoretical modeling of transport

Scattering vs Hamiltonian approach
Superconducting atomic contacts

Transport in Majorana nanowires

2nd part : Detection and manipulation of ABS
Effects of length , spin-orbit and interactions
Comparison to experiments
Towards ABS + cQED theory
The Andreev spin qubit
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Hybrid nanowire devices
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Irst part : theoretical modeling of
transport phenomena



Basic approach to quantum transport : Landauer picture
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Extension to SC case: BdG description
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Alternative modeling

Modeling
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BCS-junctions, Cuevas et al. PRB 96
Difussive FS, Bergeret et al. PRB 05
Graphene/S, Burset et al. PRB 08
Topological, Zazunov et al. PRB 16
Alvarado et al. PRB 20
ABS dynamics, Seoane et al. PRL 16

. Hamiltonian approach
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KeldyshNambu formalism
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Meancurrents
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Functional Integral representation
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Superconducting Atomic Contacts

bed for mesoscopic superconductivity



Fabrication techniques
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Conductance steps
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Results for one-atom theoreticalresults

LDOS transrmission
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Energy Scales
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Transport between superconducting electrodes
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Experimental curves in superconducting
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Andreev Reflection
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Andreev reflection between superconducting
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Multiple Andreev Reflection
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Model for single channel contact
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BCS leads
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Coupling two leads: NS interface

Andreev reflection
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Coupling two superconductors: relevance of phase difference
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Voltage biased SC contact: intrinsic time dependence
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Coupled integral equations for full GFs
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truncation [n> D/V




Theoretical |V curves for superconducting contacts

TRANSMISSION
—10
—0.99
—— 0.9
— 0.8

0.7
— 0.6

0.5
— 04
— 0.3
— 0.2
— 0.1

. . 4
low bias limit

1,5
eV/D

J.C. Cuevas, A. MartRodero and A. Leweyatj PRB4, 7366 (1996)
sameresultswith different approach Averin& Bardas (95)Shumeikeet al. (97)




Landau -Zener transitions between A S 0 S
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Consistency

with noise measurements
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Shot noise Iin superconducting contacts
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Hamiltonian approach
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TS case: Boundary GF for the Kitaev model
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Boundary GF for the Kitaev model

ZazunoyEgger& ALYPRB (2016)
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N-TS case: conductance and noise
ZazunoyEgger& ALYPRB (2016)
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Equilibrium TS-TS case: frequency dependent noise

ZazunoyvEgger& ALYPRB (2016)
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Non-equilibrium TS-TS case: MAR regime

ZazunoyEgger& ALYPRB (2016)
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S-TS case: differential conductance

ZazunoyEgger& ALYPRB (2016)
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Shiba states Andreev surface states
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Andreev states and Josephson effect
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ABSs for a short single channel + scatterer
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Andreev level qubit (ALQ)
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Microwave detection and manipulation
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Josephson junctions based on semiconducting
nanowires
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Effect of length : ABSs for a single channel + scatterer
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Effect of Rashba SOI in multichannel nanowire

Moroz and. Barnes, PRB (1999)
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Effect of Rashba SOI in multichannel nanowire
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Effect of Rashba SOI in multichannel nanowire
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From ABSs to absorption spectrum
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From ABSs to absorption spectrum: more general
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omparison to experiments



The Saclay experiment: InAs/Al core -shell nanowires

Tosi et al., PRX (2019)



The Saclay experiment: ¢ -QED detection technique




The Saclay experiment: ¢ -QED detection technique
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The Saclay experiment: absorption spectra
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The Saclay experiment: absorption spectra
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Fit with theory
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Conversion into physical parameters
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Including a magnetic field I. perp direction
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Including a magnetic field Il: parallel direction
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Other transitions ?
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Effect of electron -electron interactions

F.J. Matute Cafadas, Kletzgeret al.

WL PRL (2022)
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Effect of electron -electron interactions

F.JMatute CafladasC.Metzgeret al., PRL (2022)
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ards ABSs+cQED theory



Park et al., PRL (2020)
(UAM-Saclay collaboration)

Theory of cQED detection [cl .
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Theory of cQED detection
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Theory of cQED manipulation: different driving fields
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Mirror symmetry breaking by nearby gates and partial Al shells

Hays et al., Science (2021)



Theory of cQED: fit of line intensities for a SQPT
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The Andreev Spin Qubit (ASQ)

Chtchelkatchev, Nazarov (2003)
urariu, Nazarov (2010)



Coherent manipulation of an ASQ

- Direct transitions strongly
suppressed

- ldea: Raman transition
through higher ABS
manifold

J.Cerrillo, M. Hays, V. Fatemi and ALY, PRR (2021)

STIRAP:
Stimulated
Raman
Adiabatic
Passage




Raman based coherent manipulation of the ASQ

M. Hays, V. Fatemi, D. Bouman, J. Cerrillo, S. Diamond, K. Serniak, T. Connolly, P. Krogstrup, J. Nygard, ALY, A. Geresdi,
M. H. Devoret, Science (2021)



