Quantum Technology workshop 2026

Subgap modes in two-dimensional
magnetic Josephson junctions

Yinan Fang

ynfang@ynu.edu.cn




Outline

I. Introduction

1. Superconductivity and the Josephson effect
2. Applications of the Josephson junctions

I1. Two-dimensional magnetic Josephson junctions

1. Interplay of superconductivity and magnetic orders
2. Superconducting spintronics

3. Beyond one-dimensional junctions
II1. Transverse subgap modes

1. The model
2. Flat-dispersion
3. Domain walls and applications

IV. 0 - w transitions in two-dimensional junctions
1. The Josephson current

2. Implications in experiments

— — — —

> X

Superconducting  Superconducting
electrode 1 electrode 2

= y

Substrate

Tinkham 1996

0
ka/z9% o5 0 Mo

Y. Fang, S. Han, S. Chesi, and M.-S. Choi,
Phys. Rev. B 107, 115114 (2023)




Superconductivity and the Josephson effect

After Onnes successfully liquefied helium in 1908, the behavior of a sudden drop in resistivity of Hg below
4.2K was discovered in 1911
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In 1957, the BCS theory proposed by Bardeen, Cooper, and Schrieffer successfully explained a series of

physical phenomena that accompany the superconducting transition
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The Josephson effect was theoretically predicted by Brian D. Josephson from
the University of Cambridge in 1962. Due to this discovery, he was awarded
the Nobel Prize in Physics in 1973, along with Esaki of IBM and Giaever of

the general electric company

- For his theoretical predictions of the properties of a supercurrent through a
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The current-phase relationship of Josephson current can be explained using the Cooper pair tunneling

model
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Physically, the current in the SNS Josephson junction can be regarded as being induced by Cooper pairs

mediated by Andreev bound states 15 .
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Subgap mode: In superconducting systems, a quasiparticle state with energy lower than the

superconducting gap A, whose energy is related to the superconducting phase difference
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~#\ The sub-gap modes are important for the behavior of the Josephson current [ = SIn @




Applications of the Josephson junctions: Sensing of weak signals

The flux quantization in hollow superconductor and the Josephson tunneling are the physical principals

of the Superconducting Quantum Interference Device (SQUID)
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Utilizing the flux quantization and Josephson tunneling, quantum interference in SQUID provides
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Various SQUID devices had been invented since the observation of quantum interference, with improving

device robustness, tunable features, and integration
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Applications of the Josephson junctions: Constructing qubits

Constructing qubits using Josephson structures (physical systems with two mutually orthogonal quantum

states)
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Superconducting charge qubit: competition between the charging energy and Josephson tunneling leads to

energy splitting thus defines a qubit
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Superconducting transmon qubit: By connecting a large capacitor in parallel across the DC-SQUID
junction, the qubit energy levels remain unchanged with gate voltage, reducing decoherence effects caused

by charge noise at the cost of sacrificing anharmonicity
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Interplay of superconductivity and magnetic orders

The interaction between superconducting order and ferromagnetic order can give rise to a wealth of

physical phenomena TEnergy
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Depending on the ferromagnet thickness (or spin-splitting), the ground state of the S/F/S junction has

energy minimal eitherat @ =0 or @ =7
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From the perspective of subgap mode, the 0 - 77 transition accompanied with a change of the highest

occupied state with its energy minimal changing from ¢ =0 to ¢ =7
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Superconducting spintronics

The new physical phenomena combing spintronics and superconductivity lead to novel applications in

quantum information processing
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Control 0 - 77 Josephson junction by ferromagnetic spin valve

t-state t-state

-

= i S/F/N/F,/S junction: 0 - 77 transition induced by
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Constructing superconducting qubit with ferromagnetic ;7 Josephson junction
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Beyond one-dimensional junctions

A 4

The short Josephson junction (1D junction)
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The long Josephson junctions (LJJ) refers to junctions where the size of the barrier exceed given

characteristic length in some directions (2D junction)
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Example of interface beyond 1D: Majorana bound states
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In recent years, the research on planar Josephson junctions has been gaining increasing attention
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We aim to investigate whether the introduction of transverse subgap modes can lead to new physical

effects in the competition between superconducting and ferromagnetic orders
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II1. Transverse subgap modes

1. The model
2. Flat-dispersion
3. Domain walls and applications
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The model

We investigate a superconductor/ferromagnet/superconductor junction with large lateral size
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Subgap modes in 1D junction: |. .
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Model Hamiltonian 1D junction
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Spin-degeneracy was lifted and in general, two subgap modes are observable
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Subgap modes in 2D junction:

Model Hamiltonian (tight-binding)
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Extending to the 2D junction case, with periodic boundary long the lateral (y) direction
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Flat-dispersion

Energy spectrum as a function of ky at fixed ¢ shown the competition between the proximity effect and

the spin splitting
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The proximity induced splitting gap agrees well to the effective Hamiltonian obtained by integrating out the

degree of freedom of the superconductors
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Domain walls and applications

The flat-dispersion of subgap modes modifies the wave function of quasi-particles confined between

domain walls
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The influence of the flat-dispersion revealed in the real-space distribution of the quasi-particle
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Change the relative spin-splitting of neighboring domain walls enable switching of the quasi-particle
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The Josephson current

The translational invariance along the lateral direction allows one to decompose the Josephson current into

k ’ dependent contributions
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The ky dependent Josephson current density reveals additional features of the () - 7z transition
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difference ¢). As the total Josephson current is neverthe-

less still the superposition of many independent transverse

channels, O—7 transitions in single k,-channels do usually not

yet facilitate a global O— transition of the whole 2DEG-based
junction [87]. An experimental study of the transition regime

Costa et.al. 2023
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Implications in experiments

Verification of the ky dependent () - /7 transition would request angular resolved Josephson current

detection in 2D junctions

split gate electrode as a

transverse momentum filter
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Summary

Subgap modes in S/F/S junction with non-negligible lateral quasi-particle motion had been investigated

» Flat-dispersion
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Appendix: Typical parameters of the low T, - superconductors

Tab. A1.1  The critical temperature, London penetration depth, Ginzburg—Landau coherence
length, critical fields and the energy gap of some superconductors.

Material T [K] Ay [nm] & [nm] B, [T] B.|[T] B.[T] 2A[meV]
Nb 9.25 39 38 0.2 0.27 0.21 3.0

Pb 7.20 37 83 — — 0.08 2.7

Al 1.18 16 1600 — — 0.01 0.34

In 3.41 21 440 - - 0.028 1.0
NDN 17.3 300 4 47 0.19° 6.4

Clarke and Braginski 2004
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Appendix: Effects of magnetic fields
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