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TT 27: Focus Session: Unconventional Transport Phenomena in Low-Dimensional
Superconducting Heterostructures

The investigation of new superconducting systems and effects is key to the development of supercon-
ducting electronics and quantum technologies. Recent studies have demonstrated that systems of low
dimensionality in particular offer enormous possibilities for the realization of unconventional supercon-

ducting phases and quantum states.

An effect hosted by low-dimensional superconducting systems

is the supercurrent diode effect. The supercurrent diode effect was experimentally observed in 2020
and has since then been intensively investigated worldwide. The effect has been seen in a variety of
low-dimensionality hybrid systems, such as two-dimensional van der Waals heterostructures, in mag-
netic proximity systems as well superlattices. The origin of the effect, however, is still under debate
and several explanations have been proposed for its underlying mechanism including lack of inversion
symmetry, spin-orbit coupling and screening effects. This Focus session will bring together the most
recent developments in the field of superconducting effects in low-dimensionality systems and update
the community on their physics and perspective applications, with particular attention to recent results

related to the supercurrent diode effect.

Organizers: Wolfgang Belzig and Angelo Di Bernardo (Universitidt Konstanz)

Time: Wednesday 9:30-13:00

Invited Talk TT 27.1 Wed 9:30 HSZ 03

Superconducting diode effect in Rashba superlattice —
eTERUO ONO — Kyoto University, Japan

The diode effect is fundamental to electronic devices and is widely used
in rectifiers and AC-DC converters. However, conventional diodes have
an energy loss due to finite resistance. We found the superconducting
diode effect (SDE) in Nb/V /Ta superlattices with a polar structure,
which is the ultimate diode effect exhibiting a superconducting state
in one direction and a normal state in the other [1-3]. SDE can be
considered as the nonreciprocity of the critical current for the metal-
superconductor transition. We also found the reverse effect, i.e., the
nonreciprocal critical magnetic field under the application of the su-
percurrent [4]. We also found that the polarity of the superconducting
diode shows a sign reversal as a magnetic field is increased, which
can be considered as the crossover and phase transitions of the finite-
momentum pairing states predicted theoretically [5]. SDE in Nb/V/Ta
superlattices needs an application of an external magnetic field to break
the time reversal symmetry, which is a disadvantage in applications.
We recently succeeded in demonstrating SDE in a zero-field by intro-
ducing ferromagnetic layers in superlattices [6]. The polarity of the
SDE is controlled by the magnetization direction of the ferromagnetic
layer, leading to development of novel non-volatile memories and logic
circuits with ultralow power consumption.

[1] J. Magn. Soc. Japan 43, 17 (2019)

[2] Nature 584, 373 (2020)

[3] Jpn. J. Appl. Phys. 60, 060902 (2021)

[4] Appl. Phys. Express 14, 073003 (2021)

[5] Phys. Rev. Lett. 128, 037001 (2022)

[6] Nat. Nanotechnol. 17, 823 (2022)

Invited Talk TT 27.2 Wed 10:00 HSZ 03
Quasiparticle-based and Cooper-pair based superconducting
diodes — eMaria Spies!, STEFAN ILIG?, SEBASTIAN BERGERETZ,
Francesco Giazorrol, and EvLia STramBINI! — INEST, Isti-
tuto Nanoscienze-CNR and Scuola Normale Superiore, I-56127 Pisa,
Italy — 2Centro de Fisica de Materiales (CFM-MPC) Centro Mixto

CSICUPV/ EHU, E-20018 Donostia-San Sebastian, Spain

Diodes are key elements for electronics, optics, and detection. Their
evolution towards low dissipation electronics has lead to the hybridiza-
tion with superconductors (S) and the realization of non-reciprocal
transport of both quasiparticles and Cooper pairs. That occurs when
both spatial inversion and time-reversal symmetries are broken.

Here, we review both effects comparing their efficiencies and basic
principles. The quasi-particle diode is a superconducting tunnel junc-
tion with zero conductance in only one direction. The directionselec-
tive propagation of the charge has been obtained through the broken
electron-hole symmetry induced by the spin selection of a ferromag-
netic tunnel barrier made of a EuS thin film separating a superconduct-
ing Al and a normal metal Cu layer. It achieves a large rectification
of up to 40%.

On the other hand, supercurrent diodes made with hybrid
S/spinorbit/ S Josephson Junctions or with two-dimensional Rashba
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superconductors have been demonstrated to show zero resistance in
only one direction. We describe the equation of the supercurrent diode
effect in a generic formalism that may inspire novel devices based on
helical magnetism induced in conventional superconductors.

Invited Talk TT 27.3 Wed 10:30 HSZ 03
Non-reciprocal superconductivity and the field free Joseph-
son diode — eMazuar ALl — TU Delft, Delft, Netherlands

Nonreciprocal transport is incredibly important in technology; for ex-
ample, asymmetry in the current-voltage response in semiconductor
junctions has been the cornerstone of computing technology for half
a century. The diode effect is a very basic demonstration of nonre-
ciprocity. Nonreciprocal superconductivity, however, proved elusive,
and only in 2020 was the superconducting diode effect (superconduct-
ing in one direction while normal conducting in the other) discovered
for the first time in a bulk alloy of V/Nb/Ta. By breaking both inver-
sion and time reversal symmetry (using an applied magnetic field), a
difference in the critical superconducting current (I) for positive vs neg-
ative voltages (V) was seen. Recently, we demonstrated a Josephson
diode (JD), created in a quantum material Josephson junction (QMJJ,
a junction made up of two superconductors separated by a barrier com-
prised of a quantum material). A diodic effect was seen without an ap-
plied magnetic field; a puzzling result for theoretical physicists but an
important advance for potential technological application. Using an in-
version symmetry breaking heterostructure of NbSea /NbsBra /NbSes,
half-wave rectification of a square-wave excitation was achieved with
low switching current density, high rectification ratio, and high ro-
bustness. Future directions for optimizations and novel explorations,
as well as a broader impact of using other quantum materials will be
discussed.

15 min. break

TT 27.4 Wed 11:15 HSZ 03
Investigating the mechanism behind the Josephson Diode
Effect in NiTes/superconductor Devices — eEwmiLy C.
McFarLANE!, JoNas A. KrieGer!, Minir Darre!, BANABIR PaLl,
Procopios C. ConsTANTINOUZ, VLADIMIR N. STROCOVZ, STUART S.
P. PAarxiN', and NieLs B. M. ScHROTER! — 'Max Planck Institute
of Microstructure Physics, Halle, Germany — 2?Swiss Light Source,
Paul Scherrer Institute, Villigen, Switzerland

The Josephson diode - recently realized in NiTe2/superconductor de-
vices in the presence of an external magnetic field [1] - has many po-
tential uses in new superconducting memory and logic devices. These
NiTe /Ti/Nb devices are the first Josephson diodes where the Joseph-
son diode effect (JDE) was concluded to arise from finite momentum
Cooper pairing. However, the role of the Ti layer directly at the NiTea
interface is not yet fully understood. Ti-doped NiTey is seen to be
superconducting [2], so here we investigate the possibility of intrinsic
superconductivity at the NiTes/Ti interface by investigating its elec-
tronic structure with angle-resolved photoelectron spectroscopy. In
isostructural PdTez, a van Hove singularity (vHS) near the Fermi level
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was linked to intrinsic superconductivity [3]. We find a similar vHS
in the vicinity of the Fermi level in the electronic structure of NiTes,
which can be shifted in energy at the interface due to a doping effect
by aluminium.

[1] B. Pal et al., Nat. Phys. 18, 1228 (2022)

[2] B. S. de Lima et al., Solid State Commun. 283, 27 (2018)

[3] Kyoo Kim et al., Phys. Rev. B 97, 165102 (2018)

TT 27.5 Wed 11:30 HSZ 03
Reversal of the AC and DC supercurrent diode effect in
ballistic Josephson junctions — ANDREAs Costal, CHRISTIAN
BAUMGARTNER!, StMoN REINHARDT!, SERGEI GRONIN?, GEOFFREY
C. GARDNER?, TYLER LINDEMANNZ, MicHAEL J. MANFRAZ, DENIS
KocuaN!, JarosLav FaBian!, eNicoLa Parapisol, and CHRISTOPH
STRUNK! — !University of Regensburg — 2Purdue University

Recent experiments [1,2] have demonstrated that the supercurrent
diode effect (SDE), —i.e., a nonreciprocal supercurrent— can be ob-
tained by applying a Zeeman field in the presence of spin-orbit cou-
pling. The effect consists in a finite difference Al between positive I
and negative |I | critical current (DC SDE), and an asymmetry in the
Josephson inductance as a function of current (AC SDE). In this work,
we show that, at high in-plane fields, the AC and DC SDE both change
sign. Based on a minimal and analytical model, we clearly identify the
origin of this sign change in terms of a 0-w-like transition —an effect
predicted in the literature [3] but so far never experimentally observed.
Thanks to our inductance measurements we can directly link the AC
SDE reversal to the modification of the CPR induced by the Zeeman
field. Our results illustrate the power of the Josephson inductance as
a probe of phase transitions in unconventional superconductors.

[1] Ando et al., Nature 584, 373 (2020)

|2] Baumgartner et al., Nature Nano. 17, 39, (2022)

[3] Yokoyama et al., Phys. Rev. B 89, 195407 (2014)

TT 27.6 Wed 11:45 HSZ 03
Theoretical study of the supercurrent diode effect in 2DEG
Josephson junctions — e ANDREAs Costal, DEnis Kocnan!+2, and
JarosLAv FABIAN! — 1 University of Regensburg, Germany — 2Slovak
Academy of Sciences, Slovakia

Superconducting junctions exhibit fascinating physical phenomena,
making them promising building blocks for quantum computing.
The competition between the two fundamental spin interactions—
ferromagnetic exchange and spin-orbit interaction (SOI)—and super-
conductivity has already been demonstrated to substantially modify
the spectroscopic and transport signatures of these junctions, and po-
tentially results in topological superconductivity.

In this talk, we will focus on 2DEG-based S-N-S Josephson junctions
that combine intrinsic SOI with proximity-induced superconductivity
originating, e.g., from top Al islands. We will demonstrate that turning
the nonsuperconducting (N) weak link additionally ferromagnetic—
e.g., through a magnetic field—can imprint a strong direction depen-
dence on the current-phase relation, which finally rises a substantial
difference between positive and negative critical currents, and thereby
a pronounced supercurrent diode effect. Motivated by pioneering ex-
perimental studies [1-3], we will elaborate on powerful theoretical
approaches—such as numerical tight-binding simulations [2, 3] and
analytical studies of the Andreev spectrum—+to characterize and un-
derstand the features of this Josephson supercurrent diode effect.

[1] Phys. Rev. Lett. 126, 037001 (2021)
[2] Nat. Nanotechnol. 17, 39 (2022)
[3] J. Phys. Condens. Matter 34, 154005 (2022)

TT 27.7 Wed 12:00 HSZ 03
Plasmons and dynamical screening in layered supercon-
ducting heterostructures — oeYANN IN ’'T VELD!, MIKHAIL
KarsNeELsoN!, ANDREw MinLis?3, and Marte ROsSNErR! —
1Radboud University, Nijmegen, the Netherlands — 2Flatiron Insti-

tute, New York, USA — 3Columbia University, New York, USA

Layered metals host low-energetic plasmonic and phononic excitations,
which both strongly couple to electrons. At the same time these exci-
tations hybridize with each other, which can be tuned by the surround-
ing material, resulting in a complex interplay of different bosons. Here
we investigate how this interplay affects superconductivity in layered
materials and how it is affected by the substrate material. To this
end we use a one-loop theory which consistently treats phonons, plas-
mons, their mutual interaction and environmental screening on the
same footing. We find two regimes with large transition temperatures,
controlled by the substrate screening. One is mediated by conventional

phonon pairing, which shows a significantly reduced transition temper-
ature due to consistent screening. The other regime is dominated by
the unconventional electron-plasmon interaction, where we find strong
effects of normal-state renormalization on the superconducting state.
These results show how crucial a consistent treatment of all pairing
and screening channels is for low-dimensional superconductivity.

TT 27.8 Wed 12:15 HSZ 03
Investigation of Nb gate-controlled superconducting
nanoscale devices. — eLrEoN RuF, ELKE SCHEER, and ANGELO D1
BeErNARDO — 78464 Konstanz, Konstanz Germany

The electrical conductance in nanoscale devices can be modulated by
an applied electric field (EF). In semiconductors the charge density is
low, and the EF can penetrate deeply. However, in superconductors
the charge carrier density is high and the external EF decays expo-
nentially over a short distance. In 2018, it was reported [1| that the
superconducting state can be partially and fully suppressed in gated
nano constrictions by a strong applied EF which they attribute to an
EF induced perturbation of the superconducting state. Since then, the
observations were controversially discussed attributing them to an EF
effect [1], high-energy quasiparticle injection [2], low-energy-mediated
phonon excitation [3] or hot-spot generation [4]. Here, we are studying
Nb gated Dayem bridges. Our observations show reversible full sup-
pression of the supercurrent for Nb devices made by lift off, not for
geometrically comparable etched devices. We discuss our observations
in the light of the suggested mechanisms [1-4].

[1] G. De Simoni et al., Nat. Nanotechnol. 13, 802 (2018)

[2] L. D. Alegria et al., Nat. Nanotechnol. 16, 404 (2021)

[3] M. F. Ritter et al., Nat. Electron. 5, 71 (2022)

[4] J. Basset et al., Phys. Rev. Res. 3, 043169 (2021)

TT 27.9 Wed 12:30 HSZ 03
Gate-controlled switching in non-centrosymmetric supercon-
ducting devices — eJENNIFER KocH, LEON RuUF, ELKE SCHEER,
and ANGELO D1 BERNARDO — Universitiat Konstanz, Konstanz, Ger-
many

Gate-controlled superconducting devices have become of great in-
terest for the development of energy-efficient hybrid superconduc-
tor/semiconductor computing architectures. The idea behind this
technology stems from the recent discovery that superconducting de-
vices can be controlled electrically with the application of a gate volt-
age [1-3].

We investigate gate-controlled switching devices made of the non-
centrosymmetric superconductor Nbg 18Reg.g2 for different gate-to-
wire distances. This material promises a low switching voltage due
to its disordered structure and should therefore be more suitable for
the realization of devices compatible with CMOS transistors.

[1] G. De Simoni et al., Nature Nanotech. 13, 802 (2018)

[2] F. Paolucci et al., Nano Lett. 18, 4195 (2018)

[3] F. Paolucci et al., Phys. Rev. Applied 11, 024061 (2019)

TT 27.10 Wed 12:45 HSZ 03
Microscopic theory of gate-voltage mediated surface pair
breaking and its impact on a superconducting wire —
eSUBRATA CHAKRABORTY, DaANILO NikoLic, and WoLrcaNnG BELzia
— Fachbereich Physik, Universitidt Konstanz, D-78457 Konstanz, Ger-
many

Gate-induced supercurrent suppression in a superconducting nano-
bridge is a hot topic for research in present days. Recent experiments
find supercurrent suppression in this nano-bridge for high gate electric
fields [1-3]. The microscopic understanding of this effect is not clear
till now. According to many experimental findings, there are three dis-
tinct tentative mechanisms, which could be responsible for this event,
at high gate fields. In our work, we theoretically investigate the role of
gate-mediated surface pair breaking on the supercurrent suppression.
We show that in presence of a small concentration of magnetic im-
purities on the surface of the bridge, large gate-fields result in strong
spin-flip scattering at the surface. Using microscopic modelling based
on the quasiclassical Usadel equation we present the full phase dia-
gram of the wire, that shows a supercurrent suppression very similar
to some experiment. We speculate, that our generic theoretical pre-
dictions based on this microscopic effect can be tested experimentally
by modifying the surface.

[1] G. De Simoni et al., Nat. Nanotechnol.13, 802 (2018)

[2] I. Golokolenov et al., Nat. Commun. 12, 2747 (2021)

[3] L. D. Alegria et al., Nat. Nanotechnol. 16, 404 (2021)



