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Floquet-Wannier-Stark-Andreev Resonances (2 Terminals)

H=H,+Hp+Hap—eV (Na—Nb) : [Na_,vb’ <Pa;<pb =i
$E AE Two uncoupled FWS-Andreev bands:

A | i = E4 (@) —2eV], with

—_— I'= (N, — Np)/2 (auxiliary variable)
0 >0 »1 Steady state =

x| Hyilpy) = Exlipy) =

A | [Ei(eﬁ) - 2€V7} la) = Ex|x)
with | = i0/9p (e.g. [1,¢] = i)

= First order differential equation for wave-function

Imposing 27-periodicity in ¢ leads to quantized energy levels:

Ej = 2¢eVj + (E) : 17
{ Ej{/ :2e\/j’—<E> , with <E>_271’/0 E+(g0)dcp

= Two Floquet-Wannier-Stark-Andreev ladders
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Floquet-Wannier-Stark-Andreev ladders

Non-coinciding resonances

E E

Coinciding resonances

e Tunneling between ladders
and continua

e Inter-ladder tunneling

= Landau-Zener-Stiickelberg
transitions

e Tunneling between ladders
and continua

= Finite width of
FWS-Andreev resonances
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Differences between 2 and 3 terminals

o Ladders parameterized by the quartet phase g
= Level crossings as a function of g

o Multiple Andreev Reflections become Phase-sensitive Multiple
Andreev reflections = Interference process in the tunnel effect

A single picture for three phenomena:
e Width of resonances
o Landau-Zener-Stiickelberg transitions

o Phase-sensitive Multiple Andreev Reflections
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Experimental Consequences / Numerical Experiments

We want to suggest new experiments on the spectroscopy of those
ladders:

= Variation of the resonance energies with voltage
= Variation of the width with voltage

We want to understand mechanisms for the width of the
resonances:

o Equilibration with quasiparticle semi-infinite continua
o Electron-phonon scattering

We want to determine connections between spectrum and
DC-transport and noise:

@ Same energy scales in spectrum and DC-transport ?
@ Connection with DC-current

e Connection with noise (see talk by Yonathan Cohen)
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The Set-up for Numerical Experiments
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Floquet-Wannier-Stark-Andreev Resonances (1/2)

r/a=0.1

E
Inter-ladder tunneling for A/eV ~ 14
= Landau-Zener-Stiickelberg transitions
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Floquet-Wannier-Stark-Andreev Resonances (2/2)

[/A =03
E
Inter-ladder tunneling for A/eV ~ 6,13
= Landau-Zener-Stiickelberg transitions
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Width of Floquet-Wannier-Stark-Andreev Resonances (1/2)

Width of the resonances due to E
Tunneling between ladders and continua
T/A=0.3, Ngo/A=10"

<z

S ot |

% 31 1 e ] ° Env(eloze/ 5‘(/?/eV) ~

w, — exp(—A/e

s 4 g W because of tunneling

2 5. ‘ ‘ ‘ ‘ through classically
25 5 75 10 125 15

forbidden region of
AleV length ~ A/eV
@ Steps related to thresholds of multiple Andreev reflections
coupling quantum dot to quasiparticle continua
(discreteness of auxiliary variable /)
= Requirement for another relaxation mechanism providing
low-voltage cut-off (e.g. at large A/eV)
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Emergence of exponentially small energy scales

= Those should be compared to lots of things
= Dynes parameter
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Dynes parameter
Dynes, Narayanamurti, Garno, Phys. Rev. Lett. 41, 1509 (19
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FIG. 2. dI/dV vsV determined from the data using Fig. 1. The solid curves are fits to the data using Eq. (2)
with T' an adjustable parameter.
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Régis Mélin, Institut NEEL, Grenoble Production of Nonlocal Quartets



Improvement of performance of an electron turnstile

Experiment: van Zanten, Basko,
Khaymovich, Pekola, Courtois,
Winkelmann (PRL '16)

Theory: Basko ('16)

Dynes parameters can originate
from electromagnetic environ-
ment: Pekola, Maisi, Kafanov,
Chekurov, Kemppinen (PRL, "10)
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Motivations for Introducing 74

@ Dynes parameter ny4o: on the quantum dot

@ Dynes parameter ns in superconductors

Ndot has much stronger influence on current than ng

Considered scenario for 740 Electron-phonon scattering
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Width of Floquet-Wannier-Stark-Andreev Resonances (2/2)

@ Tunneling between ladders and continua
o + Relaxation
(Dynes parameter on quantum dot)

1
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Spectrum < Transport

Nonequilibrium
Resonances

Equilibrium
Andreev bound states

\ E
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Spectrum and Self-Induced Rabi Resonances

1) Two Floquet-Wannier-Stark-Andreev ladders:

Ej = 2eVj + (E) _ 1
{ E, = 2V}’ — () with (E) = 277/0 E(p)dep.

2) Self-induced Rabi resonance whenever E; = Ef, =

Qe\/j—|—<E>_2e\/j’—(E):>er_<i>,withk_j’—j

Régis Mélin, Institut NEEL, Grenoble Production of Nonlocal Quartets



Spectrum <+ Transport: Current /.(eV/A)

Spectrum Transport, current /.
x-axis=A/eV x-axis=eV /A
Avoided crossing Maximum in |/c|
at A/eV ~ 14 at eV /A ~0.1
[/A=01 Ng/A=10", [/A=0.1
4 —— . o1 g —
e = e il
Z 2 — < 0 S
\U, 0 = —_— Qo 0.1 /A=
R - I T
e ——— 0.2 Ndot/ A= 2 ]
4 i 21 ngelA=107 —
2 4 6 8 10 12 14 16 0 02040608 1 12
AleV eV/A

@ Possible explanations for difference between the two:
e Transport couples also to
Floquet wave-function and populations
e Two cross-over values evaluated with different methods
e Ultra-sensitivity on tiny 740t /A
= Additional energy scale 1}, ,/A
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Energy Scale n},,/A in Current (1/3)

hi/eA

® log;o(1g0:/A)

eV/A=0.225 defined as
0.02 — g /A—10 — inflection point on
BN Electron- Ng /A 10 E—
0.02 IMAR \\ ohonon ns/A 108 those curves

dominated \ dominate

-0.06 logso(n d&’/\é) ® h/nj,, is intrinsic
[ \ characteristic time
e
-0.1 .
6 5 -4 -3 -2 @ Important effect of
l0g10(Mgot/A) Ndot /A (change of

sign in current /)
Much stronger effect of ngor/A than ns/A

Possible experimental relevance of new regime 740 >> 1}, in which
quantum dot degrees of freedom are
nonequilibrated with quasiparticle continua
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Energy Scale n},,/A in Current (2/3)
log[ndor /A] as function of A/eV

10010(N gor(A/EV)/A)
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Energy Scale n},,/A in Current (3/3)
log[ndor /A] as function of A/eV
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- — Remarkably:
10g1(Sg/A) ——
Electron-phonon-dominated: == *s—s—=s—s-
5 2f " equilibration Spectrum <> current
S 3 lati
e 5| § relation
2 L A .
E b= ol ooT) Tan holds qualitatively
= E&%‘i | | “\‘ f A
S el M (but not exactly).
S’SMARd'tqg ‘w““““
= -0 [ -aominatea#’ | |
equilbration 1 ® || & | | AeVR Namely:
P . !
0 2 4 6 8 10 12 14 16 18
AeV FWS-Andreev spectrum
Compatible with [/A=0.1
Landau-Zener-Stiickelberg s
S > g p—
resonance splitting &g D O "
i -2 1\—-:-:
4
2 4 6 8 10 12 14 16
AleV

Régis Mélin, Institut NEEL, Grenoble

Production of Nonlocal Quartets



Possible Connection With Yonathan Cohen’s Talk (1/3)

Thermal noise in a two-terminal point contact:

A

current
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Possible Connection with Yonathan Cohen's Talk (2/3)

Quantum noise of quartet state:

—I_ —I_ —I— o000
Tighe Tighe Tithe

Possibility of fabricating Schrddinger cats of Cooper pairs.

urrent
urrent
urrent

Identification of energy scales between this experiment and
Flogquet-Wannier-Stark-Andreev ladders:

T . FWS-Andreev spectrum as
Correlation time for sign of .
function of A/eV
current="h/dp

0o = Level splitting at A=
avoided crossings between
Floquet-Wannier-Stark-
Andreev

2 4 6 8 10 12 14 16
resonances Y
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Possible Connection with Yonathan Cohen's Talk (2/3)

Quantum noise of quartet state:

) _I— . —I— 00000
Tigne Tighe Tithe

Possibility of fabricating Schrodinger cats of Cooper pairs.

urrent
urrent
urrent

Identification of energy scales between this experiment and
Flogquet-Wannier-Stark-Andreev ladders:

log[line-width broadening] as
T function of A/eV
Correlation time for absolute

value of current = /0 T/4=0.1

0 = width of Floquet-
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Connection with RF-irradiated Josephson junctions (1/2)

Role of Dynes parameter 75 /A, with 74o; /A = 0
Double quantum dot: Four Floquet-Wannier-Stark-Andreev ladders

Current, ns/A = 1073 Current, ns/A = 107°
lo(9g). €VIA=0.15, ng/A=10" lo(9g). €VIA=0.15, ng/A=10
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Interpretation: Avoided crossings between
Floquet-Wannier-Stark-Andreev ladders tuned by quartet phase

Emergence of a tiny ng/A
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Connection With RF-Irradiated Josephson Junctions (2/2)

Bergeret, Virtanen, Ozaeta, Heikild, Cuevas,
Phys. Rev. B 84, 054504 (2011)

Recall also following paper:

Voltage-induced Shapiro steps

in a superconducting multiterminal structure

J.C. Cuevas and H. Pothier, Phys. Rev. B 75, 174513 (2007)
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Conclusions

Three relevant low-energy scales:

1) Line-width broadening of Floquet-Wannier-Stark-Andreev
resonances

2) Resonance level splitting at avoided crossings of
Floquet-Wannier-Stark-Andreev resonances

3) Cross-over Dynes parameter 7z /A or n},./A

New predictions for spectroscopy experiments

Qualitative connection between spectrum and transport:
even in presence of strong effect of weak relaxation

Interesting perspective on quantum thermodynamics:

In infinite-gap limit, no entropy flows from dot to superconducting
leads = Interest of investigating heat transport, and, maybe, in
connection with entanglement of quartet state

Interesting perspective on semi-classics:

Kang Yang and Benoit Doucot are now developing semi-classical
theory on the basis of the Floquet-Wannier-Stark-Andreev
viewpoint = Analytical results
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