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Andreev physics in previous Capri schools

2007:
Atomic size conductors

2014:
From atomic contacts to Majorana wires

2018:
Hamiltonian approach to transport




Andreev physics and qubits
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1) Andreev physics in transport:

Emergent topology by Landau level mixing in
qguantum Hall-superconductor nanostructures

Y. Baba, P. Burset and ALY, arXiv:2507.14074 and PRL (to be published)

2) Andreev physics and qubits:

Quantum circuits with multiterminal Josephson-Andreev junctions
F.J. Matute-Canadas, L. Tosi, and ALY, PRX Quantum 5, 020340 (2024)

FerBo, a noise resilient qubit hybridizing Andreev and fluxonium states

J.J. Caceres, F.J. Matute-Canadas, D. Sanz Marco, J. Ortuzar, E. Flurin,
ALY, C. Urbina, H. Pothier and M. Goffman, arXiv:2604.01145



https://arxiv.org/abs/2507.14074
https://arxiv.org/abs/2604.01145

Quantum Hall Effect + Superconductivity

Old dream in Condensed Matter: Andreev reflection
Ma & Zyuzin, EPL (1993) L
Takayanagi & Akazaki, Physica B (1998)

Hoppe et al. PRL (2000) /‘




Non-local transport: skipping orbits picture
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Experimental platforms: graphene

- Very strong proximity effect
- Quantized QH at low magnetic field
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G. Lee, ... P. Kim, Nat. Phys. 13, 7 (2017)
O. Gul,... P. Kim, Phys Rev X 12, 021057 (2022)

finger geometry: 100 nm

Long graphene interface:
Zhao,..., Finkelstein Nat. Phys. 16, 862 (2020)
Zhao,., Finkelstein Phys Rev Lett,131,176604 (2023)



Experimental platforms: proximitized 2DEGs
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M. Hatefipour, ... J. Shabani, Nano Lett. 22, 15 (2023) M. Hatefipour, ... J. Shabani, PRB 109, 3 (2024)



Model for a proximitized 2DEG

h2k2
H = ( — ,u(r)) 00T + V. (r)o,70 + ar(r) (kzoymo — kyoz70) — A(r) 7,04

2m*
SC 0; : spin space; T; : particle-hole space
Chiral Andreev states ;1. .y | oA (orbital effect)
(CAES)
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Proximitized 2DEG: triplet pairing

Effective

J.A.M. Van Ostay, A.R. Akhmerov and C.W.J. Beenaker, PRB (2011)
A.B. Michelsen, P. Recher, B. Braunecker and T.L. Schmidt, PRB (2023)
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Usual SC pairing:
spin singlet state
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Spin mixing: spin triplets
« Spin unpolarized




Triplet pairing
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Non-local transport calculations

« CAES: chiral Andreev edge

state reun = 1.9, p = 0.
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 Triplet pairing due to the
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Groth, et al, New J. Phys. 16 063065 (2014 ) 107, 125416 (2023)



Non-local transport: tuning the CAR/EC signal

out

QH (2DEG)
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The resonance can be
tuned by changing the
length of the interface




Stripe geometry

SC
BT, 6¢ >
I s .
SC
Narrowing the
SC to a stripe
el, et el, et <
hT, h¢:1ZIIIIZZZZ::ZZZZZZZZZZZZ hT, hi}:::IIIIIIIIIIIIIZ:::Z:ZZZZZZZIIIII ....
QH (2DEG) QH (2DEG)




Stripe geometry

QH (2DEG)




Stripe geometry: coupling L/R CAES
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Stripe geometry: hibridized CAES bands

QH (2DEG)




Stripe geometry: emergent topology
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Stripe geometry: topological invariants
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Stripe geometry: topological invariant in minimal model
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Stripe geometry: hybridized CAES bands

/A= 2.1 Ws>>fo Wg =72 nm Ws = 48 nm
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Stripe geometry: hibridized CAES bands in different phases
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Stripe geometry: phase diagram
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Stripe geometry: phase diagram




Non-local transport across phase diagram
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Transport-LDOS correspondence
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Non-local transport: effect of disorder and injection energy

Einj/A ~ (.0
+ disorder w4 /A =10

Fini/A = 0.05




Non-local transport: effect of surface roughness
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Conclusions (1st part):

Richer phase diagram due to LL mixing in
stripe geometry

Peculiar transport signals: quantized EC at
v=1 and quantized EC+CAR at v=2

Appearance at low filling factors requires
RSOC dominant over Zeeman

Mixing allows topological phases at higher
filling factors, i.e. lower fields
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Excitation of a neutral mode



Conclusions (1st part):

* Richer phase diagram due to LL mixing in
stripe geometry

* Peculiar transport signals: quantized EC at
v=1 and quantized EC+CAR at v=2

* Appearance at low filling factors requires
RSOC dominant over Zeeman



Conclusions (1st part):

* Richer phase diagram due to LL mixing in
stripe geometry

* Peculiar transport signals: quantized EC at
v=1 and quantized EC+CAR at v=2

* Appearance at low filling factors requires
RSOC dominant over Zeeman

« Mixing allows topological phases at higher
filling factors, i.e. lower fields



1) Andreev physics in transport:

Emergent topology by Landau level mixing in
qguantum Hall-superconductor nanostructures

Y. Baba, P. Burset and ALY, arXiv:2507.14074 and PRL (to be published)

2) Andreev physics and qubits:

Quantum circuits with multiterminal Josephson-Andreev junctions
F.J. Matute-Canadas, L. Tosi, and ALY, PRX Quantum 5, 020340 (2024)

FerBo, a noise resilient qubit hybridizing Andreev and fluxonium states

J.J. Caceres, F.J. Matute-Canadas, D. Sanz Marco, J. Ortuzar, E. Flurin,
ALY, C. Urbina, H. Pothier, M. Goffman, arXiv:2604.01145



https://arxiv.org/abs/2507.14074
https://arxiv.org/abs/2604.01145

Conventional quantum circuits: from Cooper pair box to transmon qubit
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Conventional protected qubits

1
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Josephson effect beyond tunnel limit: Josephson-/ndreev junctions

Andreev qubits
i, o Y, +A
L e @ NG
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Thy: Despdsito (2001), Zazunov (2003),
Nanowire Chtchelkatchev (2003)
JAnctions
Advantages:
reduced size (compared to transmon)
tunability (gatemons)
tunable coupling e.g. Pita-Vidal (2024)
2DEG Probl
JAnctions robiems.
Limited coherence 15 ~ 50 — 500 ns

Janvier (2015), Hays (2021)




Multimode circuits based on multiterminal ./~ nctions?

Riwar et al (2016)

Tunable phases provide extra control parameters
Can be combined with other circuit components

Internal fermionic (Andreev) structure provides additional d.o.f.



Model and circuit configurations
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nction in a loop with large inductance

E|
Kinetic ‘9 - charge imbalance
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nction in a loop with large inductance
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nction in a loop with large inductance

Beyond tunnel limit (when Andreev structure plays a role)
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The FERBO qubit: principle of protection

Large indu_ctar!ce (a) (b)
quantum circuits Ec 14

Tunnel limit:
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FERBO qubit: dephasing and relaxation protection

= Suppression of flux dispersion with increasing impedance Ec >T, oI'/T = 0.01

Z = (Ro/n)\/2Ec/Ex | Z/Rq =2Ec/ne,

- Suppression of charge-noise susceptibility
with increasing transmission
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FERBO qubit: relaxation protection

Protected regime Unprotected regime
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Three terminal: hybrid charge-flux configuration

E

¢e Ec,

Combination of two bosonic modes in a trijunction:
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Three terminal: hybrid charge-flux configuration
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Conclusions (2nd part):

* Mesoscopic JAnctions in quantum circuits:
ABS excitations + collective modes

* Quantum circuit rules beyond tunnel limit

 Two terminal JAnctions: the FERBO qubit,
protected for high transparency + high inductance

* Three terminal JAnctions: the 0-it hybrid qubit,
protected even for asymmetric couplings
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Thank you!
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