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WELCOME

We cordially welcome you to the Young Investigator’s Online Workshop on
Nanoengineered Superconductors - NES21, that takes place in virtual space from May
10 to 12, 2021. The workshop is hosted by the University of Vienna in the framework
of the COST Action CA16218 “Nanoscale Coherent Hybrid Devices for Superconducting
Quantum Technologies (NANOCOHYBRI)”, which supports attendance free of charge.

The workshop aims to bring together leading experts and, especially, younger
investigators on nanoengineered superconductors and vortex matter to discuss recent
advances in these fields and related research domains. The workshop targets at
stimulating discussions between experimentalists and theorists and should be valuable
for developers of superconducting devices. The focus is on the phenomena of
superconductivity, charge and flux dynamics on the micro- and nanoscale, magneto-
transport properties of low-dimensional superconducting systems, as well as their
applications in magnetic-field sensing, single-photon detection, and hybrid quantum
circuits.

The recent advances in nanoengineered superconductors and related phenomena will
be presented in 41 invited talks and 30 posters by early career investigators. Three
special talks will introduce the development of superconducting single photon
detectors, the helium ion microscope, and the “Physicist in Gastronomy Universe”. The
latter will present us a flavour of the usual conference dinner, which unfortunately is
not possible in the present situation. The option to join this workshop as a “Scholar”,
without presenting a talk or poster, allows graduate students to get first impressions
of conference life and helps to promote the research field to young minds.

We hope that the workshop NES21 triggers lively and inspiring discussions, leads to
new fruitful contacts, and continues the tradition of the successful previous workshops
in the frame of our COST Action.

On behalf of the programme and advisory committees,

Oleksandr Dobrovolskiy (University of Vienna)

Alina lonescu (National Institute of Materials Physics, Bucharest)
Dieter Koelle (University of Tlibingen)

Wolfgang Lang (University of Vienna)


https://nanocohybri.inc.uam.es/
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COST-ACTION CA16218 NANOCOHYBRI

COST (European Cooperation in Science and Technology) is Europe’s longest-running
intergovernmental framework for cooperation in science and technology funding
cooperative scientific projects called ‘COST Actions’. The COST Action Nanoscale
Coherent Hybrid Devices for Superconducting Quantum Technologies
(NANOCOHYBRI) started in November 2017 and will last until October 2021. Currently,
24 countries have joined the Network. The Action is guided by the Management
Committee, which is formed by not more than two representatives of each country
that signed the Memorandum of Understanding. This document serves as the basis for
joining and implementing the Action.

NANOCOHYBRI provides instruments for networking activities, organizes meetings
every year, promotes exchanges through short term visits and provides opportunities
for young researchers to present work related to the Action in other conferences. The
next major meetings of the Action will be “Online conference on emergent topological
superconductivity, 7-9 June 2021” and “Superconducting Hybrids @ Extreme, 28th
June — 02nd July 2021”. We cordially invite you to participate in these meetings, by
sending abstracts to the organizers or simply by registering (free), attending and
discussing with us. Some of the talks are available at our youtube channel, where you
can also find a popular presentation about the beauty of coherent quantum states.
Further videos will be soon available.

The Action includes these objectives:

e To achieve a common ground to use superconducting quantum coherence.

e To enable a new generation of applications of superconductivity, including
current carrying and quantum information devices, by controlling
superconducting parameters at the nanoscale.

e To build and test new devices based on a precise control over dimensionality,
geometry, and interaction with the quantum condensate.

e Todevelop a collaborative effort, crosscutting experiment and theory, using the
full potential of European research in superconductivity.

e To bridge the gap between traditionally separated scientific communities that
have complementary knowledge and a common interest in superconducting
devices.

e To train the next generation of stakeholders in a growing field that will lead to
the next quantum revolution.

e To educate engineers and society, making it more commonplace to think in
terms of the possibilities enabled by technologies utilizing quantum coherence.

e To provide a platform for young European researchers to build an efficient
network.

e Tofoster contribution from researchers from inclusiveness target countries and
facilitate their participation in high level European calls.


https://nanocohybri.inc.uam.es/
http://nanocohybri.eu/category/all/meetings/
https://nanocohybri.inc.uam.es/toposuper2021-online-conference-on-emergent-topological-superconductivity-7-9-june-2021/
https://nanocohybri.inc.uam.es/toposuper2021-online-conference-on-emergent-topological-superconductivity-7-9-june-2021/
https://nanocohybri.inc.uam.es/superconducting-hybrids-extreme-hybrid-online-in-person-meeting-slovakia-28th-june-to-02-july-2021/
https://nanocohybri.inc.uam.es/superconducting-hybrids-extreme-hybrid-online-in-person-meeting-slovakia-28th-june-to-02-july-2021/
https://www.youtube.com/channel/UCCKHZXlwU0MO9Z6KC3SEWeg
https://www.youtube.com/watch?v=zuiC41B7yHw
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Invited talks

Time Monday, May 10 Abstract
08:45-09:00 Welcome address ID
Vortex pinning, dynamics and fluxonic devices
Session Chair: Gaia Grimaldi
09:00-09:25 Victor Rouco VP1
Vortex pinning and dynamics in mesoscopic YBCO nanowires
09:25-09:50 Alina lonescu VP2
Imaging vortex-antivortex pairs in high-Tc superconductors
09:50-10:15 Anton Bespalov VP3
Large spectral gap and impurity-induced states in a 2D Abrikosov vortex
10:15-10:30 COFFEE BREAK
10:30-10:55 Lorenzo Ceccarelli VP4
Dynamics study and imaging of superconducting vortices in MoSi thin films
10:55-11:20 Barbora Budinska VP5
Edge barrier effects on the flux-flow instability in superconducting MoSi thin films
11:20-11:45 Igor Bogush VP6
Reduction of the relativistic and non-relativistic GL models to a 2D curved surface
11:45-12:00 COFFEE BREAK
Layered materials and interfacial superconductivity
Session Chair: Isabel Guillamon
12:00-12:25 Beilun Wu LMm1
Anisotropic superconductivity in spin-vortex AF superconductor CaK(Fe gsNig o5)4AS4
12:25-12:50 Armando Galluzzi LmM2
A precursor mechanism triggering the second magnetization peak phenomenon...
12:50-13:15 Ondrej Sofranko Lm3
Extreme charge transfer in the misfit layered compound (LaSe) 14(NbSe,)
LUNCH BREAK
14:35:15:00 Roberta Caruso LM4
Probing unconventional phenomena in LaAlO4-SrTiO5 and La,,, Sr,CuO4
Superconducting single-photon detectors
Session Chair: Denis Vodolazov
15:00-15:50 Roman Sobolewski PD1
Superconducting single-photon detectors — twenty years
15:50-16:00 COFFEE BREAK
16:00-16:25 Mariia Sidorova PD2
Vortex-assisted photon counts by a superconducting single-photon detector
16:25-16:50 Carla Cirillo PD3
Research perspectives on applications of NbRe and NbReN thin films in SNSPDs
16:50-17:00 COFFEE BREAK
Special evening talk
Chair: Wolfgang Lang
17:00-18:00 Andrey Varlamov ET1

Physicist in Gastronomy Universe




Time Tuesday, May 11 Abstract
ID
Superconductors at microwave frequencies
Session Chair: Enrico Silva
09:00-09:25 Andrea Alimenti MW1
Microwave vortex motion in superconductors in high magnetic fields
09:25-09:50 Artur Romanov MW2
Correlation between microstructure and HF properties of thick REBCO coated conductors
09:50-10:15 Daniele Torsello Mw3
Interplay between ferromagnetism and superconductivity in EuFe,(As,P),
10:15-10:30 COFFEE BREAK
10:30-10:55 Sergey Bunyaev MW4
Whispering gallery resonators for microwave characterization of superconductors
10:55-11:20 Cheryl Feuillet-Palma MWS5
Vortex dynamics in HTS nano-meanders made by ion irradiation
11:20-11:45 Vasilii Vadimov MW6
Higgs modes in proximized superconducting systems
11:45-12:00 COFFEE BREAK
Proximity effects and spin transport in S/F hybrids
Session Chair: Andrii Chumak
12:00-12:25 Matthias Althammer SF1
Temperature-dependent spin-transport and current-induced torques in S/F heterostructures
12:25-12:50 César Gonzalez-Ruano SF2
Proximity effects in epitaxial F/S hybrids: towards superconducting spintronics with SOI
12:50-13:15 Sergey Mironov SF3
Electromagnetic proximity effect in S/F heterostructures
LUNCH BREAK
Direct-write superconductors and Josephson devices
Session Chairs: José Maria De Teresa, Edward Goldobin
14:30-15:10 John Notte DW1
Precise helium ion beams for nanoscale fabrication
15:10-15:35 Rosa Cordoba DW2
Direct-writing of advanced 3D nano-superconductors
15:35-16:00 Pablo Orus DW3
Superconducting properties of in-plane W-C nanowires grown by He" FIBID
16:00-16:15 COFFEE BREAK
16:15-16:40 Fabrizio Porrati DW4
Nb-C superconductor prepared by focused ion beam induced deposition
16:40-17:05 Kaveh Lahabi DW5
Direct-write printing of Josephson devices in a scanning electron microscope
17:05-17:30 Jay LeFebvre DW6
Series arrays of planar long Josephson junctions for high-dynamic range magnetic flux detection
17:30-19:00 POSTER PRESENTATIONS




Time Wednesday, May 12 Abstract
ID
Josephson junctions, SQUIDs and related phenomena
Session Chair: Alejandro Silhanek
09:00-09:25 Heleen Dausy J1
The impact of kinetic inductance on the critical current oscillations of nanobridge SQUIDs
09:25-09:50 Simon Collienne JJ2
Nb-based nanoscale SQUIDs tuned by electroannealing
09:50-10:15 Edoardo Trabaldo I3
Improving the performance of YBCO nanobridges as weak links
10:15-10:30 COFFEE BREAK
10:30-10:55 Liam Farrar Ja
Superconducting quantum interference in van der Waals heterostructures
10:55-11:20 Mathias Wegner JJ5
Microwave SQUID Multiplexing
11:20-11:45 Zhanna Devizorova Jl6
Effect of spin-triplet correlations on Josephson transport in structures containing half-metals
11:45-12:00 COFFEE BREAK
Low-dimensional and topological superconductors
Session Chair: Milorad Milosevic
12:00-12:25 Jonas Bekaert LD1
Boosting superconductivity in 2D materials by beneficial defects
12:25-12:50 Nicola Poccia LD2
Controlling strong correlations of HTSs with Van der Waals heterostructures
12:50-13:15 Tosson Elalaily LD3
Gate-controlled supercurrent in superconductor shell InAs/Al nanowires
13:25-13:50 Chuan Li LD4
Quantum devices towards 1D topological superconductivity
LUNCH BREAK
Nano-electromechanics and hybrid quantum circuits
Session Chair: Daniel Bothner
15:00-15:25 Thomas Luschmann NE1
Mechanical frequency control in inductively coupled electromechanical systems
15:25-15:50 Ines Rodrigues NE2
Four-wave-cooling to the single phonon level in Kerr optomechanics
15:50-16:15 David Zoepfl NE3
Coupling a magneto-mechanical oscillator to a SQUID based cavity
16:15-16:30 COFFEE BREAK
16:30-16:55 Philip Schmidt NE4
Cavity optomechanics implemented using levitating superconductors and Josephson mw circuits
16:55-17:20 Witlef Wieczorek NE5
Levitation of micrometer-sized superconducting particles using on-chip magnetic traps
17:20-17:30 Concluding remarks




Poster presentations

Tuesday, May 11, 17:30-19:00

Chairs: Oleksandr Dobrovolskiy, Alina lonescu, Dieter Koelle, Wolfgang Lang ID
Bernd Aichner PO1
Ultradense tailored vortex pinning arrays in YBCO thin films created by He FIB irradiation

Lu Jiang P02

Selective triggering of magnetic flux avalanches by an edge indentation

Krsto Invanovic P03

Structural phase transition of the vortex lattice in bulk superconductors with low K values

Maycon Motta P04
Reducing the flux front penetration depth in a Nb film by cooling in an inhomogeneous field

Vadim Plastovets P05
Electronic structure of the vortices pinned by a planar defect of various transparency
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Xingchen Chen P08
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Kevin Seja P14

Charge and spin transport across mesoscopic normal metal-superconducting heterostructures
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Chairs: Oleksandr Dobrovolskiy, Alina lonescu, Dieter Koelle, Wolfgang Lang ID
Krzysztof Szulc P15
Spin waves in superconductor/ferromagnet heterostructures
Jiawei Yan P16
Broadening of the in-gap-state energies at non-zero temperatures of the SC quantum dot
Anna Boichenko P17
Flux qubit as a single microwave photon counter: Exploring energy spectrum by animation
Alexander Kopasov P18
Geometry controlled Josephson diode based on curved proximitized nanowires
Maria D'Antuono P19
Nanopatterning of oxide interfaces using cold ion milling
Niclas Wennerdal P20
An open-source framework for mesoscopic superconductivity
Davi Chaves P21
Enhancing the weak-link response of Y123 nanowires prepared by solution blow spinning
David Collomb P22
Impact of nanoscale pinning sites in commercial 2G-HTS tapes via vortex-resolved imaging
Lan Maria Tran P23
Synthesis of single crystal GdFe,.,Co,AsO using salt flux technique
Michal Babij P24
Study of the Gd_Ca,lIr,Sny; system in the form of single crystals
Masood Rauf Khan P25
Angular dependence on magnetic field of pinning activation energy in Fe(Se, Te) thin films
Panch Ram P26
In-gap states in the superconducting periodic Anderson model
Mikhail Petrov P27
Superconductivity and topological behaviour in gallenene
Olivér Kiirtossy P28
Andreev molecule in parallel InAs nanowires
Gopi Nath Daptary P29
Superconducting Dirac point in proximetized graphene
Elijah Abbey P30

Magnetic flux avalanches in nanoscale wedge-shaped superconducting thin films
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VP1
Vortex pinning and dynamics in mesoscopic YBCO nanowires

Victor ROUCO'*, Anna PALAUZ?, Teresa PUIG2, Daniela STORNAIUOLQO!, Francesco TAFURI'

" Universita degli Studi di Napoli Federico Il, Dip. di Scienze Fisiche, Napoli, Italy
2 Institute of Materials Science of Barcelona, ICMAB-CSIC, Bellaterra, Spain
" Present address: Universidad Complutense de Madrid, GFMC, Madrid, Spain

High Temperature Superconductors (HTS) can transport high current densities without dissipation at temperatures
above 77K. However, this current density is well below the theoretical limit (the depairing critical current density)
and its performance decreases at large magnetic fields and temperatures, where their use is more needed. The
main reason for these limitations is the presence of superconducting vortices whose motion result in power losses
and internal noises. To this aim several strategies have been conducted to avoid vortex flow, mainly the introduction
of artificial defects into the superconducting matrix.

Here we present a different alternative that arises from the reduction of the width down to mesoscopic ~100nm
YBa»Cus0r.x nanowires. We demonstrate that critical current density close to the depairing level can be achieved,
even in the presence of large magnetic fields ~1T for a wide range of temperatures. We theoretically demonstrate
that this effect is related to prevention of vortex entry. Furthermore, once vortices penetrate into the superconductor
and for high current densities, these mesoscopic nanowires present voltage switching up to one order of magnitude
due to vortex lattice instabilities. Those effects provide a novel avenue toward achieving high values of current at
high fields and temperatures, as well as to use HTS with reduced width for practical applications such as single-
photon sensors.

E-mail: vrouco©ucm.es
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VP2
Imaging vortex-antivortex pairs in high T. superconductors

Alina IONESCU"2 Julian SIMMENDINGER!, Manuel BIHLER!, Markus WEIGAND'3, Gisela SCHUTZ!,
Joachim Albrecht4

! Max-Planck-Institute for Intelligent Systems,Heisenbergstralle 3, D-70569 Stuttgart, Germany
2 National Institute of Materials Physics, Atomistilor 405A, 077125, Magurele, Romania
3 Helmholtz-Zentrum Berlin fiirMaterialien und Energie GmbH, Institut Nanospektroskopie, Kekul estrasse
5, 12489 Berlin, Germany
4 Research Institute for Innovative Surfaces FINO, Aalen University, Beethovenstralle 1, D-73430 Aalen,
Germany

Individual vortex-antivortex (V-AV) pairs in type Il superconductors have been imaged using magnetic scanning
transmission x-ray microscopy at low temperatures [1]. We observe that the local stray field induced by an individual
superconducting flux line locally polarizes a ferrimagnetic sensor layer. We are able to visualize and analyze
individual V-AV pairs far below the transition temperature with unprecedented spatial resolution of 20 nm and high
contrast. We reveal V-AV pairs to nucleate spontaneously at the domain wall of the ferrimagnetic layer. Our results
are the first identification of a bound and stable V-AV pair and demonstrate the potential of the x-ray method to
access the properties of vortices in YBCO thin films and heterostructures.
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Large spectral gap and impurity-induced states in a two-dimensional Abrikosov
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We study the subgap quasiparticle spectrum of a 2D Abrikosov vortex in an s-wave superconductor in the absence
and presence of a point impurity [1]. Within the Eilenberger equations formalism, we calculate the energy spectrum
of a vortex within two models: a "coreless" vortex with a constant modulus of the order parameter, and a more
realistic vortex with the order parameter profile satisfying the Ginzburg-Landau equation. Both models yield
qualitatively similar results. We find multiple subgap spectral branches, the number of which can be arbitrarily large
provided that the magnetic field screening length is large enough. The large number of branches appears because
of the Doppler effect connected with spontaneous currents in the vortex. These currents lower the effective gap
edge, creating a potential well that is large enough to accommodate many Andreev states with the same angular
momentum. The quasiclassical spectrum of the vortex has a local gap (more precisely, a double-gap symmetric
with respect to the Fermi energy) with a width of the order of the bulk gap and a spatial extent of several coherence
lengths. The existence of such a gap is the prerequisite for the appearance of discrete impurity-induced states.
Indeed, within the Gor'kov equations formalism, we find that a single impurity induces up to four discrete
quasiparticle states in the vortex. The energies and wave functions of the impurity states are calculated for different
parameters. In a sense, our study extends the analysis of impurity-induced states by Koulakov and Larkin [2] from
the limit of low energies to the whole subgap energy range. Most of the spectral features that we have found can
be observed in scanning tunnel spectroscopy experiments.

The work has been supported by Russian Foundation for Basic Research Grants No. 18-42-520037 and No. 19-
31-51019.
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Nowadays superconductors are widely used in many different fields, from quantum information to engineering
applications, like electromagnetic shielding for experimental setups in low loss signal transport. The magnetic field
lines expulsion and the non-dissipative current transport are the two main characteristics of these materials. For
type-Il superconductors, the magnetic field can be trapped in form of quantized vortices of current enclosing a
normal state in the middle of a superconducting medium. The motion of this quantized flux in a superconducting
device can be detrimental for some applications.

We use a scanning nanometer-scale superconducting quantum interference device (SQUID) [1] to image individual
vortices in amorphous superconducting MoSi thin films [2]; an alloy with properties adapt for the fabrication of single
photon detectors. Local measurements of the magnetic field, generated by both vortices and Meissner screening,
yield to values for the Pearl length and bulk penetration depth at 4.2 K. Flux pinning was studied under different
conditions and inputs (e.g. DC and AC transport current and variation of the external magnetic field applied),
allowing a classification in function the material’s pinning potential.

The high flux sensitivity and resolution of our SQUID-on-tip scanning probe [3] provides an unparalleled tool for
studying vortex dynamics, potentially improving our understanding of their complex interactions. Controlling these
dynamics in amorphous thin films is crucial for optimizing devices such as superconducting nanowire single photon
detectors (SNSPDs), because vortices are likely involved in both the mechanism used for the detection of photons
and in the generation of dark counts [4].
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Edge barrier effects on the flux-flow instability in superconducting MoSi films
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3 National Academy of Sciences of Ukraine, B. Verkin Institute for Low Temperature Physics and Engineering,
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In recent years, ultra-fast vortex motion has become subject of extensive investigations, triggered by the
fundamental question regarding the ultimate speed limits for magnetic flux quanta and improving the current-
carrying capability of superconductors [1,2]. In external magnetic fields, near the superconducting transition
temperature, the quench of the mixed state is associated with the Larkin-Ovchinnikov (LO) instability [1-5], caused
by the wake of unpaired electrons left behind the moving vortex cores. At the same time, as it was pointed out in a
series of recent works [2,6,7], the LO theory was developed in the continuous-medium approximation and thus care
should be taken when treating experiments on systems where the instability has a strong local character. Here, by
comparing the current-voltage curves (Fig. 1) for 15 nm-thick superconducting MoSi films with rough (laser cut) and
smooth (focused ion beam milled) edges we demonstrate that the maximal vortex velocities can differ by more than
one order of magnitude. Our findings identify MoSi as a superconductor supporting ultra-fast vortex motion at more
than 10km/s velocities and emphasize the decisive role of the edge quality for the preservation of the low-dissipative
state of superconductors at large transport currents.
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Fig.1 : Current-voltage curves at 4K and at magnetic fields as indicated in the scale bar for the laser cut MoSi film. The three different
regimes are: (I) flux-flow regime, (1) instability and (1Il) normal state regime.
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Superconductor nanoarchitectures, including self-rolled films, are highly promising for advancements in nano- and
meso-scale devices for magnetic sensors, superconductor qubits and spintronics devices, single-photon detectors
etc. Itis a challenging technical problem to create a magnetic field with an arbitrary profile applied to a flat film. To
get around this problem, one gives a complex shape to these films, in particular, just bends a flat film into a
curvature-free surface. Here, we consider a theoretical model based on the time-dependent Ginzburg-Landau (GL)
equation. As the surface of the film is arbitrary, we apply differential geometry, which is widely used in General
Relativity, to GL equations in curved space. Effectively, a three-dimensional (3+1) GL model applied for two-
dimensional ultrathin films embedded into a three-dimensional flat space with a homogeneous external magnetic
field can be reduced to a two-dimensional GL model with a magnetic field normal to its surface as a scalar field.
This opens the way to manipulate the effective normal component of the magnetic field, manage the
superconducting properties of films and control the geometric regions with normal conductivity or superconducting
state. We perform numerical calculations for different geometries using graphic processors. We discuss how the
occurrence and behaviour of topological defects, such as vortices and phase slips [1], is governed by the curved
film geometry for both type | and type Il superconductors. Particularly, an analytically integrable model with the
critical GL parameter is considered, which obeys the first-order Bogomol'nyi equations closely related to string
theory and supersymmetry [2]. The present work has been partly supported by the DFG project #FO 956/6-1 and
by the COST Action CA16218 (NANOCOHYBRI) of the European Cooperation in Science and Technology.
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Anisotropic superconductivity in the spin-vortex antiferromagnetic
superconductor CaK(Feo.95Nio.05)4As4

Beilun WU
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Condensada, Instituto Nicolas Cabrera and Condensed Matter Physics Center (IFIMAC),
Universidad Auténoma de Madrid

CaKFesAss is a newly discovered iron pnictide superconductor which shows optimal critical temperature T¢ of 38
K at the stoichiometric compound. Electron doping with Ni or Co atoms induces a decrease in T¢ and the onset of
a particular hedgehog antiferromagnetic order, without sign of structural instability or nematicity. The influence of
this new form of magnetic order on the superconducting state has been till now poorly investigated. Here, we
present quasiparticle interference study on CaK(FeogsNio.os)sAss using scanning tunneling microscope at dilution
fridge temperature[1]. Unlike in the undoped system[2], we reveal in the Ni doped system a four-fold highly
anisotropic superconducting state, in association with the hedgehog antiferromagnetic order present in this system.
Finally, | will discuss recent work made in other pnictide superconductors, particularly FeSe.
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A precursor mechanism triggering the second magnetization peak phenomenon in
superconducting materials

Armando GALLUZZI'2, Massimiliano POLICHETTI"2, Krastyo BUCHKOV34, Vihren TOMOVS, Elena
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'Department of Physics “E.R. Caianiello”, University of Salerno, via Giovanni Paolo Il, 132, Fisciano (SALERNO),
1-84084, Italy
2CNR-SPIN Salerno, via Giovanni Paolo Il, 132, Fisciano (SALERNQ), I-84084, Italy
3Institute of Solid State Physics, Bulgarian Academy of Sciences, 72 Tzarigradsko Chaussee, 1784 Sofia,
Bulgaria
“Institute of Optical Materials and Technologies, Bulgarian Academy of Sciences, Acad. G. Bonchev Str. Bl. 109,
Sofia, 1113, Bulgaria

The correlation in type-ll superconductors between the creep rate S and the Second Magnetization Peak (SMP)
phenomenon which produces an increase in Jc, as a function of the field (H), has been investigated at different
temperatures by starting from the minimum in S(H) and the onset of the SMP phenomenon detected on a
FeSeqsTeos sample. Then the analysis has been extended by considering the entire S(H) curves and comparing
our results with those of many other superconducting materials reported in literature. In this way, we find evidence
that the flux dynamic mechanisms behind the appearance of the SMP phenomenon in J,(H) are activated at fields
well below those where the critical current starts effectively to increase. Moreover, the found universal relation
between the minimum in the S(H) and the SMP phenomenon in J;(H) shows that both can be attributed to a
sequential crossover between a less effective pinning (losing its effectiveness at low fields) to a more effective
pinning (still acting at high fields), regardless of the type-Il superconductor taken into consideration.
E-mail:agalluzzi©unisa.it
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S as afunction of Hat T = 2.5 K. The black dashed line is the fit of the first S(H) increase with equation (1). The blue dotted line is the strong
pinning single vortex behavior speculated for the vortices that enter in the twin boundaries using equation (1). The green dashed-dotted line
is the fit of the decreasing S(H) data with the equation described by the subtraction of the black and blue line. The red solid line is the fit of
the second S(H) increase with equation (1). In the bottom of the figure, the field intervals relative to the three S(H) portions are identified with
different colours. Finally, the black vertical solid line separates the single vortex state from the collective pinning state while the red vertical
dashed line, individuated by the Hsp value, separates the elastic regime from the plastic regime in the framework of the collective pinning
theory.
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Ondrej SOFRANKO
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Misfit layered materials where quasi-quadratic atomic layer(s) are alternating with quasi hexagonal one(s) while not
perfectly crystallographically matching host plethora of interesting properties. Superconductivity can take various
forms; e. g. 3D — 2D superconducting transition can be achieved by inserting more SnSe layers between NbSe;
layers and thus NbSe; superconducting layers become decoupled [1]. Large anisotropy of B, is observed in some
cases and in-plane B, can be significantly higher than upper Pauli limiting magnetic field [2,3]. Moreover, extremely
high doping levels can be achieved via charge transfer between layers and this might lead to rigid band shift not
achievable by other means. In the case of (LaSe).14(NbSey), this leads to a change in charge density wave order
parameter and superconducting critical temperature in comparison with pure NbSe; [4]. Also in-plane critical
magnetic field is strongly enhanced having a 2D character. In this work we will present observation of even larger
doping from LaSe to NbSe; in the (LaSe).14(NbSez) compound. This can lead to NbSe; becoming insulating and
LaSe layer becoming superconducting.
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Transition oxide metals have attracted great attention in the last few years, and in particular LaAlO3-SrTiO3 (LAO-
STO) interfaces are widely studied to understand the properties of low dimensional systems. The transport
properties of the two-dimensional electron gas (2DEG) at LAO-STO interface including superconductivity and
Rashba spin-orbit coupling, are largely tuned using electrical field effect. The recently implemented delta-doping of
LAO-STO with EuTiOs (ETO) has further expanded the complexity of the phase diagram of oxide interfaces,
including ferromagnetism. The research group at University of Naples has recently demonstrated how a
combination of gate voltage and visible light can be used to explore a wide portion of the phase diagram of LAO-
ETO-STO. Here the results and the perspectives of these experiments will be discussed, as well as further studies
to be conducted to investigate the nature of the superconducting state in non-conventional systems. In particular, |
will discuss the similarities between LAO-STO interfaces and copper oxide superconductors such as Laz«SrxCuOs
(LSCO), the recent findings of the Molecular Beam Epitaxy group at Brookhaven National Laboratory on electron
nematicity in LSCO, and the work | am carrying on in this framework.
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Since their invention in 2001 [1], superconducting single-photon detectors (SSPDs) have become the unquestioned
leader in high performance single-photon detection, counting, and imaging. The detection mechanism of SSPDs is
based on photon-induced hotspot formation and, subsequent, generation of a voltage transient across, typically, a
superconducting nanostripe meander. The SSPDs operate at cryogenic temperatures, in the 2-5 K range, and are
currently the best-performance, single-photon counters, significantly outperforming in the telecommunication
wavelength any competing commercial or research devices, including semiconducting avalanche photodiodes and
other superconducting photon detectors. This talk presents a historical overview of the physics and operation of
SSPDs, as well as their practical implementations in areas ranging from quantum communication and cryptography,
through medical optical tomography and LIDAR, to noninvasive testing of VLSI integrated circuits. We also
comment on possible future directions of the superconducting single-photon detector technology.
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Sub-micron-wide strips from disordered superconducting materials have become key elements of superconducting
single-photon detectors (SSPDs or SNSPDs). The basic idea of single-photon detection by such a strip carrying a
close-to-critical current is relatively simple and originates from the local destruction of superconductivity by an
absorbed photon. If the photon energy is sufficient, it heats up electrons and phonons in a large area across the
entire strip forming a resistive “hot belt” that is further registered. Otherwise, it locally creates a small “hot spot”,
which is subject to diffusion and phonon cooling rather than detection. It turned out that the detection event in this
latter case is facilitated by magnetic vortices that nucleate at the photon absorption site and cross the strip forming
a resistive belt. The assistance of vortices adds to the delay time elapsed between the photon absorption and the
emergence of the resistive belt and manifests itself in a non-Gaussian statistical distribution of these delays [1].
While the width of the distribution determines an intrinsic temporal resolution of SSPDs, its shape reveals
microscopic details of the detection mechanism.
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In the constant research for novel superconducting materials which could help in breaking the limits of
Superconducting Nanowire Single Photon Detectors (SNSPDs) current devices, the performances of the first
NbRe-based detector were recently tested [1,2]. The first results on devices, structured as meanders of wires 50-
100 nm wide, demonstrate that NbRe is competitive with currently employed superconductors with a saturated
internal efficiency up to A = 1301 nm, recovery times between 8 and 19 ns and jitter of about 35 ps at T=2.8 K [2].
Inspired by these results, a new superconductor, NbReN, has been successfully synthesized with the aim of
improving some of the main figures of merit of the devices made on NbRe [3]. NbReN thin films, deposited by
reactive UHV dc-sputtering, present well-established superconducting ordering, as evaluated by electrical transport
measurements. From the analysis of the estimated microscopic parameters the potential of NbReN thin films for
the realization of high-performing SNSPDs is evaluated.
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How heat propagates in media, what is the difference between pizza baking in the traditional wood oven and in the
electric one, why tastes of the boiled meet and the grilled one are so different, how scientifically calculate cooking
time of the soft-boiled duck egg and spaghetti, why cin-cin with crystal glasses filled by sparkling wine is not
accompanied by nice canorous sound, why vodka usually contains around of 40 % of alcohol, why professional
barista varies the degree of coffee beans grounding depending on weather, and many other questions of
surrounding gastronomic universe are discussed in this lecture.
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Andrea ALIMENTI", Nicola POMPEQ?, Kostiantyn TOROKHTII", Enrico SILVA?

TUniversita Roma Tre, Engineering Department, Via Vito Volterra, 62 — 00146 Roma, Italy

New perspective high-frequency applications of superconductors (SCs) in the mixed state for particle physics
experiments, such as the coating of beam screens in large particle accelerators, or hybrid normal/superconductive
cavities for galactic axions detection, are emerging in the very last years. For this reason, the interest in accurate
surface impedance measurements of SCs in high magnetic fields, and the study of the vortex motion characteristics
in these conditions, are suddenly revamping. In this talk, the microwave vortex motion resistivity measured at
15-27 GHz in fields up to 12 T on REBa,Cus0O7.xsamples (RE =Y, Gd), grown with different techniques and with or
without the inclusion of artificial nanosize pinning centers, are shown and discussed. The temperature and field
dependences of the vortex motion parameters measured in these samples, such as the flux-flow resistivity ps,
the pinning characteristic frequency f;, the elastic pinning constant k,, and the thermal creep factor y, allow to
trace an interesting new paradigm to be followed in the nano-engineerization of SCs for high frequency applications
in high magnetic fields. In fact, for these applications, materials with potentially different characteristics from those
that have been optimized for dc or non-magnetic high frequency applications are required. The vortex motion
parameters obtained on REBa,Cu307.x samples are finally compared to those measured on NbsSn and FeSegsTeos
in similar conditions, to highlight fundamental differences in the high frequency pinning regime in various materials
and to delimit the applicability areas and the possible room for improvements of the different SCs.

We acknowledge stimulating discussions and samples from V. Braccini (CNR-SPIN, Genova), G. Celentano, A
Augieri, F. Rizzo, V. Pinto (ENEA, Frascati), M.Putti (University Genova), T. Spina (FNAL) and R. Fliikiger (Geneva
University). Work partially supported by EUROFusion (g.a. 633053) and PRIN “HIBiSCUS’.
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A thorough microwave response study of high temperature superconductors has become integral in the design
decisions for CERN'’s future research infrastructure because they are considered as an alternative beam screen
coating [1]. Here, we present the surface resistance R, of various REBa;CuiO7« (RE = rare earth) coated

conductors as a function of magnetic field and in a broad temperature range. The measurement device is a Hakki-
Coleman type dielectric resonator [2] with resonant frequency f ~ 8 GHz. Analysis of the high frequency
dissipation is supported by DC transport characterization and reveals vortex dynamics in thick REBCO films. The
determined microscopic vortex parameters span over a wide range of magnitudes and reflect the relevance of the
superconducting layer's microstructure. We demonstrate that REBCO’s depinning frequency f, surpasses f, which

confirms the operation in a high performing, low dissipation pinning regime at measurement conditions.
Extrapolation of surface resistance to FCC-hh conditions point towards a significant outperformance of copper, the
reference beam screen coating, by coated conductors [3]. The surface resistance margins gained by the usage of
coated condutors can open up ways for a more efficient frontier circular collider.
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The interplay between superconductivity and magnetism is currently one of the most intriguing topics in condensed
matter physics. In this respect, EuFesAs,-based systems are particularly interesting due to the proximity of
superconducting and ferromagnetic transition temperatures, where the latter is connected to the Eu?* magnetic
subsystem. This coexistence causes the spontaneous production of vortex-antivortex pairs at low temperature,
organized in intricate patterns and possibly showing complex dynamics.

We report on a microwave analysis of the interplay between magnetism and superconductivity in single crystals of
EuFex(Asi-«Px)2, accomplished by means of a coplanar waveguide resonator (CPWR) technique, through a cavity
perturbation approach [1]. The bulk complex magnetic susceptibility ym =y'm + | x"'m — extracted from the high-
frequency characterization — is demonstrated to be highly sensitive to the magnetic structure and dynamics,
revealing two distinct magnetic transitions below the superconducting critical temperature [2]. A comparison with
CPWR measurements on the non-magnetic BaFex(As1-«Py)2 [3] and with the static magnetic structure studied by
USR, help in identifying these transitions and in understanding the underlying mechanisms. In addition, a
comparison with magnetic force microscopy maps of EuFex(As1-xPy)2 allows to ascribe the ym peak observed at
about 17 K to the transition from the ferromagnetic domain Meissner phase to the domain vortex-antivortex state,
with the subsequent evolution of the domain structure at lower temperatures. The second ym peak observed at 11
K reflects a specific high-frequency feature, connected to vortex/antivortex dynamics. The two peaks merge and
vanish upon application of an in-plane magnetic field, which is compatible with the presence of a quantum critical
point below 1 T. Moreover, we studied the relative strength of the two collective phenomena by analyzing the
dependence of their onset temperatures on different perturbations: magnetic fields and structural disorder. Results
suggest that superconductivity and magnetism in this material are two competing orders: as the former is
suppressed by irradiation or by excess P doping, the latter reinforces and manifests itself at higher temperatures
[4].
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Whispering gallery mode dielectric resonators (WGR’s) are of great importance for applications from microwave to
optic range because they have the highest Q-factors. At microwaves, they are used in highly selective filters, power
combiners/dividers, low phase-noise oscillators and sensors for material characterization.

Special focus will be given to the advantages of the developed WGR based technique for impedance
measurements of high-temperature superconductors (HTS). Results of a comprehensive study and comparison of
some types of microwave WGR'’s designed for these purposes will be presented. The resonators are made of
single-crystal sapphire in the shapes of a cylindrical disc, radially-slotted disc, truncated cone and hemisphere. The
features of resonance frequency spectra, electromagnetic field distribution and interaction between microwave field
and a sample under test will be considered.

Additionally, the properties of a proposed K-band microstrip WGR will be discussed. This resonator demonstrates
Q-factor up to 67 000 and is suitable for integration into compact circuits. Finally, the optomagnonic whispering
gallery microresonators, which can be used for frequency conversion and interaction between magnons and
photons, will be discussed.
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Superconducting nanowire single photon detectors (SNSPD) have shown unrivalled performances from telecommunication
wavelength up to 10 um, including high quantum efficiency, high operating frequency, low dark count rate and low jitter [1].
Thus, SNSPD are particularly suitable for quantum optics demands and deep space to earth communications applications,
among others.
Being fabricated with low temperature superconducting (LTS) thin films (Nb or NbN2), the main drawback which limits their
technological applications, is their operating temperature well below 4K, which requires complex and energy consuming. It is
therefore interesting to develop such detectors using high temperature superconducting (HTS) materials. This remains very
challenging since superconducting properties of HTS thin films are very sensitive to nano-patterning process, which often
generate oxygen out-diffusion and defects. On the physics side, HTS compounds have specificities such as a d-wave order-
parameter or a fast electron-phonon scattering time, which may change the intrinsic photon detection scheme as compare to
the LTS ones.
We present our last results on vortex dynamics probed in short and thin CeO: capped YBa2CusO7x nanowires made by e-
beam lithography and high-energy ion implantation[4-5]. Our nanowires whose dimensions are 500 nm in length, 100 nm in
width and 12 to 30 nm in thickness, are stable in time, robust under patterning process and temperature cycling. They show
high current densities, higher than 30 MA/cm2, with hysteretic |-V characteristics, and voltage switches in the volt range at 5K,
which are, to our knowledge, the highest one reported to date in such small section nanowire.
We studied the dissipating branch of the hysteretic |-Vcharacteristic, as well as the stochastic behavior of the voltage switches
with temperature, magnetic field, and under RF radiation. We describe the dissipating branch of |-V curves in the framework
of thermally activated vortices motion [6] (TAVM) including vortex interaction in the 10 K to 70 K temperature range. These
interacting vortices are responsible the large voltage switches in our short nanowires, (a) ;g
which is a signature of the formation and the development of a self-stabilized hotspot key
ingredient for a SNSPD. The study of the IV curves under magnetic field shows that
a vortex instability [7,8] triggers the voltage switch. The switching current distribution
widens and becomes multimodal as temperature is lowered. This behavior isinterpreted =

. . . \ « 1.4
as an opening of several vortex channels. This interpretation is supported by the \@
observation, in the same temperature range, of fractional integer Shapiro steps in the I-
V' curves under microwave radiation (Figure 1) coming from the coherent motion of 1.2
synchronized vortices in parallel rows.
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Figure 1 : Heatmaps of the dynamic
resistance as a function of bias current

Referer!ces ) and radiofrequency power at 18.32
[1] Hadfield, R. H. Nature photonics 3, 12 (2009) GHz for a 200 nm wide ion irradiated
[2] Annunziata, A. J. PhD Thesis Yale University (2010). YBCO nanowire.

[3] Amari, P. et al. Supercond. Sci. Technol. 31, 015019 (2018)

[4] Sharafiev, A. et al. Supercond. Sci. Technol. 29, 074001 (2016).

[5] Ouanani, S. et al. Supercond. Sci. Technol. 29, 1-9 (2016).

[6] Ejrnaes, M. et al. Supercond. Sci. Technol. 30, 12 (2017).

[7] Larkin, A. I. and Ovchinnikov, Y. N. Soviet Physics JETP, 41, 5 (1976).
[8] Kunchur, M. N. Physical Review Letters, 89, 13 (2002).

[9] Tafuri, F. et al. Europhysics Letters, 73, 6, (2006).

[10] Bartolf, H. et al. Physical Review B, 81, 2 (2010).

E-Mail: cheryl.palma®espci.fr

25



Nanoengineered Superconductors — NES21 Online workshop, May 10-12, 2021

MW6
Higgs modes in proximized superconducting systems

Vasilii VADIMOV', lvan KHAYMOVICH?, Alexander MEL'NIKOV34

"QCD Labs, QTF Centre of Excellence, Department of Applied Physics,Aalto University, P.O.
Box 13500,FI-00076 Aalto, Espoo, Finland
2 Max Planck Institute for the Physics of Complex Systems, Néthnitzer Strale 38, 01187 Dresden, Germany
3 Institute for Physics of Microstructures, Russian Academy of Sciences, 603950 Nizhny Novgorod, GSP-105,
Russia
4 Sirius University of Science and Technology, 1 Olympic Avenue, 354340 Sochi, Russia

The proximity effect in hybrid superconducting—normal-metal structures is shown to affect strongly the coherent
oscillations of the superconducting order parameter A known as the Higgs modes [1]. The standard Higgs mode at
frequency 2A is damped exponentially by the quasiparticle leakage from the primary superconductor. Two new
Higgs modes with the frequencies depending on both the primary and induced gaps in the hybrid structure are
shown to appear due to the coherent electron transfer between the superconductor and the normal metal.
Altogether, these three modes determine the long-time asymptotic behavior of the superconducting order
parameter disturbed either by the electromagnetic pulse or the quench of the system parameters and thus are of
crucial importance for the dynamical properties and restrictions on the operating frequencies for superconducting
devices based on the proximity effect used, e.g., in quantum computing, in particular, with topological low-energy
excitations.
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Proximity effects at superconductor(SC)/ferromagnet(FM) interfaces provide novel functionality in the field of
superconducting spintronics. We investigate the spin current transport in NoN/Permalloy (Py) heterostructures with
a Pt spin sink layer. To this end, we excite ferromagnetic resonance in the Py-layer via the microwave driving field
of a coplanar waveguide (CPW) at different microwave frequencies. A phase sensitive detection of the microwave
transmission signal is used to quantitatively extract the inductive coupling strength between sample and CPW as a
function of temperature [1]. This approach enables the analysis of ac charge currents excited by the magnetization
precession in SC/FM hybrids [2], like for example the spin pumping induced charge currents via the inverse spin
Hall effect. Below the superconducting transition temperature T, we observe a blocking effect of pure spin current
transport in the NbN layer. In addition, we show that this method enables the detection of the quasiparticle-mediated
inverse spin Hall effect within a blanket thin film heterostructure. Moreover, below Tc we find a large field-like
current-induced torque, which is not related to proximity effects. Last, but not least, we compare these results to
our new experiments using a superconducting TaN layer [3]. Our findings reveal symmetry and strength of spin-to-
charge current conversion in SC/FM heterostructures and provide guidance for future superconducting spintronics
devices [2,3].

We acknowledge financial support by the DFG via Germany’s Excellence Strategy EXC-2111-390814868.
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Generation and control over long-range triplet (LRT) Cooper pairs is the key milestone for applications in
superconducting spintronics. It has been commonly expected that these proximity effects require complex
ferromagnetic multilayers, noncollinear magnetization or half-metals. We have studied all-epitaxial V/MgO/Fe
junctions with interfacial spin-orbit coupling (SOC) and symmetry-filtering in the MgO interface, experimentally
demonstrating a thousand-fold increase in tunneling anisotropic magnetoresistance below the vanadium critical
temperature, which supports LRT formation depending on the magnetic configuration of the Fe layer [1]. Moreover,
we report the converse effect: the transformation of the in-plane and out-of-plane magnetocrystalline anisotropies
of the Fe layer driven by the superconductivity of vanadium through the SOC-bearing MgO interface [2]. We
attribute this to an additional contribution to the free energy of the ferromagnet arising from the controlled generation
of triplet Cooper pairs, which depends on the relative angle between the exchange field of the ferromagnet and the
spin-orbit field. Our findings, supported by theoretical and numerical modelling of the ferromagnet-superconductor
interaction, open pathways to active control of magnetic anisotropy in superconducting spintronics.
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The spread of Cooper pairs in a ferromagnet in proximity coupled superconductor-ferromagnet structures is shown
to cause a strong inverse electromagnetic phenomenon, namely, the long-range transfer of the magnetic field from
the ferromagnet (F) to the superconductor (S) [1]. Contrary to the previously investigated inverse proximity effect
resulting from the spin polarization of a superconducting surface layer, the characteristic length of the above inverse
electrodynamic effect is of the order of the London penetration depth, which usually is much larger than the
superconducting coherence length. The corresponding spontaneous currents appear even in the absence of the
stray field of the ferromagnet and are generated by the vector-potential of magnetization near the S/F interface,
and they should be taken into account in the design of nanoscale S/F devices. The effect can be sufficiently
enhanced in superconducting spin valve structures due to the long-range spin-triplet correlations arising in the
presence of noncollinear textures of magnetic moment [2]. Our results suggest a natural explanation for the puzzling
enhancement of the spontaneous magnetic fields induced by the noncollinear magnetic structures observed by the
muon spin rotation techniques in a wide class of layered S/F systems. We also show that the electromagnetic
proximity effect causes the shift of the Fraunhofer dependence of the critical current on the external magnetic field
in the Josephson junction with one superconducting electrode covered by the ferromagnetic layer. This provides
an alternative way to measure both the magnitude and the direction of the spontaneous magnetic field induced in
the superconductor. Finally, we demonstrate the possibility of the long-ranged superconductivity control of the
magnetic state in F1/S/F; structures.
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The gas field ion source (GFIS), produces a high brightness beam of helium ions which can be focused to a sub-
nanometer probe size and can be directed to a substrate with sub-nanometer precision. ALIS Corporation and
Zeiss conceived of and marketed this technology as an alternative microscope technology, and has found great
success in this regard. Beyond this, many imaginative scientists around the globe have recognized another
valuable use for this technology: the nanometer scale modification of thin film materials. This includes the
introduction of lattice defects, precision sputtering, and even implanted atoms. This talk will provide an overview
of the NanoFab instrument, including the historical development, the underlying physics, and the performance
metrics. The interesting physics of beam sample interaction will be described. Thereafter, application examples
will be presented beginning with imaging and analysis. The remainder of the talk will provide a broad survey of
nano-engineering results of different materials for specific device fabrication.
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Nowadays, superconductors are commonly utilized in several applications such as energy generators and storage
due to their unique capability of transferring electricity without energy losses. In some applications, their nanoscale
patterning enhances their performance and gives rise to new physical phenomena.

Innovative schemes have taken advantage of the third dimension (3D) for the development of advanced electronic
components. Thus, 3D nano-superconductors could be implemented in the next generation of energy efficient
electronic devices.

In this contribution, we introduce a direct-write nanolithography method to fabricate at-will advanced 3D nano-
superconductors. This specific technique called focused ion beam induced deposition (FIBID) is based on chemical
vapour deposition process assisted by a charged particle beam focused to a few nanometers. Particularly, we have
prepared 3D superconducting WC hollow nanowires by decomposing tungsten hexacarbonyl molecules with a
highly-focused He+ ion beam, with outer diameters down to 32 nm and inner ones down to 6 nm [1, 2]. They
become superconducting at 7 K and show large critical magnetic field and critical current density. In addition, we
have grown nanohelices with on-demand geometries, with dimensions down to 100 nm in diameter, and aspect
ratio up to 65. Given its helical 3D geometry, fingerprints of vortex and phase-slip patterns are experimentally
identified and supported by numerical simulations based on the time-dependent Ginzburg-Landau equation [3].
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Focused lon Beam Induced Deposition (FIBID) is a nanopatterning technique that makes use of a focused beam
of charged ions to decompose a gaseous precursor, yielding great versatility in the fabrication of functional
nanostructures [1]. While the growth of W-C based in-plane nanostructures by Ga* FIBID of the W(CO)s precursor,
which results in the growth of a type-Il superconducting material, is widely known and studied [2-4], the usage of
He* FIBID, which provides with enhanced patterning resolution and reduced substrate amorphization [5] for the
same purpose remains relatively unexplored [6-8]. In this work, the fabrication and characterization of
superconducting in-plane tungsten-carbon (W-C) nanostructures by He* FIBID of the W(CO)s precursor is reported.
W-C nanowires with widths of 20 nm and above exhibit superconducting properties in the vicinity of 4 K, including
the capability to sustain long-range non-local controlled superconducting vortex transfer [9,10], similarly to their Ga*
FIBID-grown counterparts.
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a) SEM image of the W-C superconducting nanowires grown by He* FIBID with varying widths. b) Temperature-induced superconducting
transition. ¢) Non-local resistance caused by long-range vortex motion along the superconducting channel.
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Nb-C prepared by focused ion beam induced deposition (FIBID) in a promising material for the fabrication of
superconducting nanostructures like planar and 3D nanowires or 2D arrays of islands for studies in the field of, e.
g., vortex dynamics, phase transitions, magnetic frustration and applications in, e.g., metrology, quantum
information processing and nanoelectronics. In this talk, first, the fabrication method of Nb-C-FIBID nanostructures,
their compositional and microstructural characterization, and the general magnetotransport properties are
introduced [1]. Second, two examples are given to illustrate the potentiality of Nb-C-FIBID for the study of ultra-fast
vortex dynamics in microstrips [2] and phase transitions in proximity-coupled Josephson junction arrays.

References

[1] F. Porrati, S. Barth, R. Sachser, O. V. Dobrovolskiy, A. Seybert, A. S. Frangakis, and M. Huth, ACS Nano 2019,
13, 6287

[2]0. V. Dobrovolskiy, D. Yu Vodolazov, F. Porrati , R. Sachser, V. M. Bevz, M. Yu Mikhailov, A. V.Chumak,
and M. Huth, Nat. Commun. 2020, 11, 3291

E-mail: porrati©physik.uni-frankfurt.de

35



Nanoengineered Superconductors — NES21 Online workshop, May 10-12, 2021

DW5

Direct-write printing of Josephson devices in an electron microscope
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Josephson devices are the essential building blocks of superconducting electronics. The fabrication of a Josephson
device is usually a resource-intensive and multi-step procedure involving thin-film deposition and lithography. Here,
we introduce a fully-additive direct-write approach based on electron beam-induced deposition (EBID), where a
conventional scanning electron microscope can print complete Josephson devices in a matter of minutes.

In this talk, | will describe how we print functional proximity junctions and SQUIDs, made entirely from tungsten-
carbide. The electrical conductivity of the tungsten-carbide is tuned by the scanning electron beam to produce both
the superconducting and the normal-metal components of our proximity junctions. | will present the transport
properties of our devices and offer an outlook for 3-dimensional printing of complex quantum circuits.
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Left: False colored scanning electron microscope image of a W-C Josephson junction, fabricated using EBID. Right: Shapiro response of
the junction as a function of voltage and external microwave power. The Shapiro steps appear as conductance peaks at quantized voltages.
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We recently demonstrated that series arrays of closely spaced, planar long Josephson junctions (JJs) are
transducers of magnetic flux featuring high-dynamic range, wide-bandwidth and operable at cryogenic nitrogen
temperatures [1]. Typical JJ-based magnetometers are superconducting quantum interference devices (SQUIDs)
due to their high sensitivity (dV/dB) to magnetic flux. The dynamic range of SQUID magnetometers is limited by a
magnetic flux response periodicity with the magnetic flux quantum (®g) of the order 10 nT/®,. This prevents
unshielded operation without utilizing control electronics that limit bandwidth or alternative circuit configurations,
such as SQUID arrays, that can complicate fabrication. In comparison, single JJs have much larger periodicities
~100 pT/®, and lower sensitivity. This sensitivity can be increased by chaining together in a series array a great
number of JJs. These arrays of JJs are well-suited to fabrication in thins films of the high-critical temperature
superconductor YBa,Cus07.5 (YBCO) via helium focused ion beam irradiation. Focused ion beam sources have
recently been commercialized and are increasingly utilized for applications in nanotechnology. To achieve
competitive magnetic flux sensitivities in our junction arrays, many JJs would have to be consistently fabricated
with nanoscale resolution. For this application, we have developed a robust automated process for layout designs
with feature sizes from sub-nanometer to millimeter scales, using Raith lithography software in a Zeiss Orion Plus
helium ion microscope [2]. We will present efforts to optimize the JJ array’s geometry and properties for magnetic
flux sensing, with investigations from single junction behavior to demonstrations of large-scale series arrays of JJs.
We will present a series array of long JJs fabricated in YBCO containing 2640 JJs with a critical current deviation
of 30% exhibiting a sensitivity of 1.7 mV/uT and a linear response over a range of 28 T at 40 K, resulting in a
dynamic range of 125 dB.
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SQUIDs

Heleen DAUSY, Lukas NULENS', Bart RAES?, Margriet VAN BAEL", Joris Van de VONDEL'

KU Leuven, Department of Physics and Astronomy, Celestijnenlaan 200D, 3001 Leuven, Belgium

We study the current phase relation (COR) of lithographically fabricated molybdenum germanium (MoGe)
nanobridges, which is intimately linked to the nanobridge kinetic inductance. We do this by imbedding the
nanobridges in a SQUID. We observe that for temperatures far below T, the COR is linear as long as the
condensate is not weakened by the presence of supercurrent. We demonstrate lithographic control over the
nanobridge kinetic inductance, which scales with the nanobridge aspect ratio. This allows to tune the SQUID I¢(B)
characteristic. The SQUID properties that can be controlled in this way include the SQUID sensitivity and the
positions of the critical current maxima. These observations can be of use for the design and operation of future
superconducting devices such as memory devices or flux qubits.

Scanning electron microscopy (SEM) image of a typical SQUID studied in this work. The top junction (indicated in red) is a Dayem bridge.
The bottom junction is a nanobridge (shown in yellow) with width W and length L. The white scale bar represents 200 nm. The white circuit
diagram presents an equivalent electronic circuit of the SQUID: Lk1 and Lkz represent the inductances of each branch, while let and lc2
represent the two critical currents of each branch. Ict is the total critical current of the SQUID.
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In this work [1], we show that targeted and controlled modifications of the Josephson junction properties of a bridge-
type Nb nanoSQUID can be achieved by an electroannealing process allowing to tune and tailor the response of a
single device. The electroannealing consists in substantial Joule heating produced by large current densities
followed by a rapid temperature quench. We report on a highly non-trivial evolution of the material properties when
performing subsequent electroannealing steps. As the current density is increased, an initial stage characterized
by a modest improvement of the superconducting critical temperature and normal-state conductivity of the bridges,
is observed. This is followed by a rapid deterioration of the junction properties, i.e. decrease of critical temperature
and conductivity. Strikingly, further electroannealing leads to a noteworthy recovery before irreversible damage is
produced. Within the electroannealing regime where this remarkable resurrection of the superconducting properties
are observed, the nanoSQUID can be operated in nonhysteretic mode in the whole temperature range and without
compromising the critical temperature of the device. The proposed postprocessing is particularly appealing in view
of its simplicity and robustness.
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We present a summary of our work to improve the performance of YBCO nanobridges as weak links exploring two
main directions: the nanoscale Grooved Dayem Bridge (GDB), and the development of an electromigration (EM)
process for tuning the hole doping of nanobridges.

A GDB is a nanobridge with a groove etched across it, which acts as weak link. This is realized during one single
lithography step and results in high-quality weak links with IcRy products as high as 350 yV and differential
resistances much larger than in bare Dayem bridges at T = 77 K. We have used YBCO GDBs as novel nanoscale
building blocks in HTS SQUID magnetometers coupled to an in plane pickup loop, which have been characterized
via transport and noise measurements at T=77 K. These devices exhibit large voltage modulations (AV = 30-
50 pV), low values of white magnetic flux noise, 6 p@o/Hz%5, and low magnetic field noise, 63 fT/Hz0%, at T=77 K.
GDB based SQUIDs combine the nanofabrication advantages and the device reproducibility, which are typical of
Dayem bridges, with the performances, e.g. the magnetic sensitivity, of state-of-the-art SQUIDs based on grain
boundary JJs.

At the same time, we developed an electromigration process to tune the superconducting properties of a nanobridge
weak link by tuning its oxygen content. AC EM can be used to reduce the doping of a YBCO nanobridge, while DC
EM can be conversely used to restore its oxygen content. Indeed, in a single nanowire we were able to change the
hole doping in a wide parameter interval, with critical temperatures ranging from 90 K to 45 K. This technique is
interesting for technological applications of YBCO weak links, where the tuning of the nanobridge properties, such
as critical current and kinetic inductance, is required.
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Superconducting QUantum Interference Devices (SQUIDs) are commonly fabricated from either Al or Nb
electrodes, with a native or artificial oxide barrier between them to create a weak link. However, such planar nano-
and micro-SQUIDs generally require additional shunt resistors to suppress hysteresis in current-voltage curves,
and device optimisation demands careful control of the critical currents and SQUID loop inductance.
In this talk, | will discuss the formation of both Josephson junctions and SQUIDs using a dry transfer technique to
stack and deterministically misalign flakes of the van der Waals bonded superconductor NbSe,, opening up new
control parameters for addressing these issues. The Josephson dynamics of the resulting twisted NbSe-NbSe;
junctions are found to be sensitive to the misalignment angle of the crystallographic axes. A single lithographic
process was then implemented to shape the Josephson junction into a SQUID geometry with typical loop areas of
» 25 um2 and weak links » 600 nm wide. In an applied magnetic field these devices display large stable current and
voltage modulation depths of up to Alc » 75% and AV » 1.4 mV respectively.
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Over the recent years microwave SQUID multiplexing has become a promising readout technique for very large
arrays of low temperature detectors, e.g. transition edge sensors or metallic magnetic calorimeters. Each channel
of such a multiplexer device consists of a non-hysteretic rf-SQUID which is used for detector readout and which is
inductively coupled to a superconducting microwave resonator with unique resonance frequency. Due to the
magnetic flux dependence of the SQUID inductance as well as the mutual interaction between the SQUID and the
associated resonator, the signals of all detectors are transduced into a resonance frequency shift of the related
resonators, and the subsequent change of amplitudes and phases of the resonator probing signals are
simultaneously read out by a software defined radio system operating at room temperature.

In this contribution, a short overview of the state-of-the-art model of a microwave SQUID multiplexer will be
presented. This model does not only allow to understand basic readout concepts on a theoretical basis, but also
includes parasitic effects of non-ideal Josephson junctions, the consequences when using a flux transformer
detector readout, or the multiplexer readout power dependence in general. Subsequently, typical chip designs
which include different microwave resonator types and SQUID geometries, as well as one software defined radio
system for the readout of metallic magnetic calorimeters will be presented. By using such a detector system, 15
metallic magnetic calorimeter pixels could be read out simultaneously, where the best achieved energy resolution
was AErwim < 10 eV. The contribution will conclude with a short overview of a recently developed hybrid Microwave
SQUID multiplexer, which adds a second frequency-division readout concept to the device. This way, large arrays
of low temperature detectors with low-bandwidth requirements, e.g. bolometers, can be read out by using only a
fraction of readout resonators.
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In the recent experimental studies of spin-triplet S/F/S'/Fr/S device it was observed that the emergence of singlet
superconductivity in the central S' layer leads to the decrease of the Josephson current [S. Komori, et al, Science
Advances, 2021]. This situation is very different from one in spin-singlet S/S'/S structures, where the emergence of
superconductivity in the S' layer increases the spin-singlet Josephson current. To explain this puzzling experiment
we have calculated the Josephson current in atomically thin S/HM/S/HMr/S structure with spin-active S/HMr
interfaces in the framework of microscopic Gor'kov formalism and tight-binding model. We managed to show that
the singlet superconducting gap in the S' layer indeed suppresses the triplet Josephson current [S. Komori, et al,
Science Advances, 2021] contrary to the case of singlet current in S/S'/S structure.

We also study the peculiarities of superconducting spin-triplet correlations in atomically thin S1/HM/S2 structures
with spin-active S/HM interfaces. We use the combination of the microscopic Gor'kov formalism and tight-binding
model allowing to obtain exact analytical results, which are valid beyond the quasiclassical approximation. In
particular, we show that the spin-triplet Josephson critical current in S1/HM/S2 junction with two spin-active S/HM
interfaces nonmonotonically depends on temperature. We also calculate the induced magnetic moment inside S2
layer in the S1/HM/S2 structure with spin-active S1/HM interface. Since this magnetic moment is not collinear to
the spin quantization axis in HM and depends on the phase difference across the junction, one can expect the
emergence of the second harmonic of the spin-triplet superconducting current in the structure. However, we show
that it is not the case and the second harmonic does not appear. We suggest that some Fermi-liquid effects and/or
multiband character of superconductivity should restore the second harmonics triplet current.

Zh.D. acknowledges the funding from Russian Presidential Scholarship SP-5551.2021.5.
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The effect of disorder on superconductivity has been under much scrutiny for decades. While superconductivity is
known to be robust against nonmagnetic impurities in bulk materials, in 2D materials the energy scale associated
with scattering by defects can become comparable to the Fermi energy, possibly resulting in a decrease of the
superconducting T or even a transition to an insulating state. Notwithstanding, based on advanced first-principles
calculations | will demonstrate that impurities can profoundly alter the properties of a 2D superconductor beyond
this simplified picture. This analysis entail the full effect of impurities on local electronic and vibrational properties,
using density functional theory, combined with anisotropic Eliashberg calculations to characterize the
superconducting state.

Several examples of realistic materials will be used to support these conclusions. As the first example, | will
demonstrate that incorporation of oxygen into the crystal lattice of the TMD TaS; not only heals abundantly present
sulfur vacancies, but also yields a strong enhancement of the electron-phonon coupling, and thus of the
superconducting Te. This ab initio prediction was experimentally confirmed by transport measurements on few-layer
TaS,, showing a marked increase in T, as oxygen is incorporated into the crystal lattice upon sample aging [1].
Secondly, | will reveal functionalization of 2D materials by hydrogen adatoms as a new route to induce high-
temperature superconductivity in 2D materials, owing to peculiar electronic and vibrational properties originating
from hydrogen, such as van Hove singularities in the DOS and high-frequency phonons. Several cases will be
discussed, such as hydrogenation of monolayer MgB- [2] and 2D gallium structures (gallenene) [3].
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Figure: Enhancement of the superconducting Tc of TaSz upon aging, as a result of healing of sulfur vacancies through incorporation of
oxygen (red atoms) into the lattice.
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The Van der Waals (VdW) heterostructures formed by mechanically stacking layers of 2-Dimensional (2D) materials
possess unique properties and new functionalities, not seen in standard materials, that make them irreplaceable
platform for emergent electronics. Hindering the progress in utilizing VdW uniqueness is the fact that many of their
features, especially the novel topological quantum states and related phenomena are restricted to low
temperatures. This poses a challenge to create VdW heterostructures that maintain their capacity to harbor
topological quantum matter physics at elevated temperatures. Employing High Temperature Superconductors
(HTSCs) based 2D films for manufacturing VdW heterostructures offers the most advantageous route to increase
the temperature range in which the topological states and phenomena associated with VdW devices can be studied
and used. Nanofabrication and processing of these systems in a conventional clean-room facility will fail since it
requires even higher standards than processing of organic semiconductors. Therefore, this methodology poses a
number of formidable challenges not only in device fabrication, but also in terms of signal-to-noise ratio in
spectroscopic experiments, which is essential for a true control over the properties of HTSCs VdW heterostructures.
In this talk, I'll review therefore the recent progress in this field of the last two years and I'll show our contribution
to this research.

E-Mail: n.poccia®ifw-dresden.de

47



Online workshop, May 10-12, 2021

Nanoengineered Superconductors — NES21

LD3
Gate-controlled supercurrent in superconductor shell in InAs/Al nanowires

Tosson ELALAILY!, Olivér KURTOSSY?, Zoltan SCHERUBL', Martin BERKE?, Istvan Endre
LUKACS?, Jesper NYGARD3, Péter MAKK', Szabolcs CSONKA!

"Department of Physics, Budapest University of Technology and Economics and Nanoelectronics ‘Momentum'
Research Group of the Hungarian Academy of Sciences, Budafoki ut 8, 1111 Budapest, Hungary.
2Center for Energy Research, Institute of Technical Physics and Material Science, Konkoly-Thege Miklés ut 29-
33., H-1121, Budapest, Hungary.
3Center for Quantum Devices, Niels Bohr Institute, University of Copenhagen, 2100 Copenhagen, Denmark.

Supercurrent-gating effect (SGE) has been recently realized in various polycrystalline superconductor
nanostructures in which the supercurrent in the superconductor nanostructures can be switched on and off by
applying voltage on a closely spaced electrode [1-3]. This surprising field effect transistor-like behaviour of
superconductor nanostructures in addition to their low power and highly switching speed, could be a promising
candidate for highly scalable switches in various modern architectures of classical and control circuits for quantum
computers. In this work, we investigated SGE for first time in the Al shell layer epitaxially grown on InAs nanowires.
We show that, the supercurrent in Al layer can be monotonically suppressed up to switching to normal state by
increase the voltage on a bottom gate insulated from nanowire by hBN layer to 23 V. Our study on SGE in InAs/Al

show that the hot electron injection alone cannot explain our experimental findings.
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Left: Investigated nanowire device. Right: Temperature dependence of supercurrent-gating effect
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One of the main directions to realize the topological quantum bit is combining topological materials with
conventional superconductors. The notion of topological phases has been extended to higher-order and has been
generalized to different dimensions. Our research demonstrates the possibility of realizing the topological
superconductivity in engineered 3D Dirac semimetals and their 1D hinge states in the last few years. Particularly,
CdsAs; is predicted to be a higher-order topological semimetal, possessing three-dimensional bulk Dirac fermions,
two-dimensional Fermi arcs, and one-dimensional hinge states. These topological states have different
characteristic length scales in electronic transport, allowing one to distinguish their properties when changing
sample size.
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Nano-electromechanical systems link mechanical motion to the highly successful field of superconducting quantum
circuits by implementing, in the limit of weak coupling, the opto-mechanical interaction Hamiltonian at microwave
frequencies. Recently, inductive coupling schemes with large coupling rates based on partially suspended
superconducting interference devices (SQUID) have been demonstrated. Such systems are expected to allow for
the exploration of phenomena beyond the linearized opto-mechanical interaction. We present results of an
investigation into the impact of the microwave circuit on the mechanical resonance frequency. The experimental
data quantitatively corroborates theoretical predictions for SQUID-based electromechanical systems. In addition,
we observe a residual field dependent tuning of the mechanical resonance frequency, which we attribute to an
effective coupling between the atomic lattice and the superconducting vortex lattice present the magnetic field
biased nanostring.
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Optomechanical systems have become the leading platform for the manipulation and exploration of mechanical
motion. The field of physics where the displacement of a mechanical resonator is coupled to oscillatory
optical/microwave light fields has allowed for major scientific breakthroughs. Curiously, all of these impressing
results have been achieved with linear cavities and linear mechanical oscillators, and the utilization of intrinsic cavity
nonlinearities has remained undesired and parasitic, as they impose limitations on the maximally achievable multi-
photon coupling rates.

Recently, a new architecture has been introduced in the field of microwave of optomechanics. In this scheme, the
motion of a mechanical nanobeam is transduced to the magnetic flux threading a Superconducting QUantum
Interference Device (SQUID) embedded in a microwave LC circuit, resulting in an inductive optomechanical
coupling. Besides providing a large and scalable single-photon coupling rate and a large single-photon
cooperativity, this system naturally adds a Kerr nonlinearity to the cavity which arises from the nonlinear Josephson
inductance of the SQUID. Hence, flux-mediated optomechanics is an ideal platform for the exploration of Kerr non-
linearities in optomechancial systems.

In this talk we will present our latest work [1], where we actively utilize the SQUID non-linearity to cool a mechanical
oscillator in a novel and counter-intuitive way. In short, we will show how a nanobeam can be cooled close to its
quantum ground state (n~1.6) by using a sideband pump field that is blue-detuned from a strongly driven nonlinear
microwave cavity. This surprising finding, which arises from a combination of multi tone driving and intracavity four-
wave mixing, directly demonstrates the rich potential of Kerr nonlinearities as a powerful tool to manipulate phononic
modes in cavity optomechanics.
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The possibility to operate massive mechanical oscillators in the quantum regime has become central in fundamental
sciences. Optomechanics, where photons are coupled to mechanical motion, provides the tools to control
mechanical motion near the fundamental quantum limits. Our setup (see Figure) consists of a magnetic field
sensitive cavity coupled to a magnetic cantilever, a beam equipped with a magnet on |ts tip, Ieadlng to a position
dependent magnetic field [1]. A SQUID -

embedded in our superconducting
cavity provides the sensitivity to
magnetic fields. As the inductance of the
SQUID changes with magnetic field, the
frequency of the cavity is coupled to the
position of the cantilever. A measure for
the interaction is the single photon
coupling strength, where we achieve a
value of around 6 kHz, which is among

the highest in the field. _ _ )

Despit K t . Experimental setup. Superconducting resonator (white) on top of a
espie Working a CryogeniC - jlicon substrate. The chip with the cantileverr (gray) is glued to this

temperatures, macroscopic mechanical substrate. The microscope picture (zoom in) shows the cantilever

objects (i.e. the cantilever) are in highly 2bove the SQUID loop.

excited thermal states and need to be cooled close to the ground state in order to investigate quantum phenomena.
One of the most common approaches is to utilize the cavity for sideband cooling. To be able to cool the ground
state, usually the lifetime of the cavity has to exceed the mechanical frequency, which gets increasingly challenging
working with more massive systems as their frequency decreases. We show a novel sideband cooling scheme by
using the intrinsic nonlinearity of the cavity induced by the SQUID. This allows much enhanced cooling over a linear
system with identical parameters and suppresses unwanted heating backaction. So far, we demonstrated cooling
the cantilever down to only 11 phonons starting from around 4000 thermal phonons. While magnetic noise limits
the cooling performance in the current setup, there is no fundamental limit preventing us from cooling further,
possibly even to the ground state.
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Experimental investigation of quantum mechanics with heavy objects (e.g. above Planck mass, ~20ug) has not
been achieved yet, as it requires the challenging combination of decoupling the quantum object from environmental
influences, while remaining a high control of the object.To achieve these, we implement the approach of
superconducting microspheres in a magnetic field trap, allowingfor a mass independent levitation. To reach
sufficiently high coupling rates we inductively couple the mechanicalmotion to superconducting quantum circuits
to enable quantum states of motion in a completely new regime ofmasses.In my talk | will discuss prospects
and challenges of the envisioned approach along with the current status of ourexperiment.
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Levitation of superconducting microparticles has been proposed as a promising approach for controlling the
center-of-mass (COM) motional degree of freedom of a levitated particle in the quantum regime [1]. This
approach profits from minimal mechanical dissipation along with the capability to engineer large superposition
states of the COM motion. The latter would allow quantum experiments to be performed with macroscopic objects
[2] and enable highly sensitive force measurements [3]. | will present our experiments in this direction, which
are conducted in a low-vibration, dry4K cryostat. Our focus lies on realizing magnetic levitation of micrometer-
sized superconducting particles fully on chip [4]. In our current generation of devices, we use trap structures
made from 1um thick Nb and spherical, micrometer-sized particles made from Ph. The chip trap consists of a
stack of two silicon chips, each having a planar multi-winding superconducting coil that together form the
magnetic trap (see Fig.1). Additionally, a pick-up and feedback loop are fabricated on the trap chip. The pick- up
loop is connected to a SQUID, which facilitates the detection of the COM motion of the levitated particle. | will
discuss challenges inherent to this approach and current levitation experiments. Future experiments may profit
from interfacing this platform with the toolbox of superconducting circuits, when operating at Millikelvin
temperatures.

Figure 1: Optical microscope image of a superconducting chip-based trap for levitating sub-100mumsuperconducting particles.
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Nanopatterning of the high-temperature superconductor YBa,CusOr-5 (YBCO) is required for many possible
applications but is also demanding since conventional etching techniques are hardly useful to achieve sub-100 nm
lateral resolution. With the focused He* ion beam of a helium ion microscope, we fabricate periodic patterns of
pinning sites with spacings down to 40 nm in YBCO thin films. In such samples vortex matching effects are visible
as peaks in the critical current and minima in the resistance versus applied magnetic field. In addition, in ultradense
kagomé-like patterns, an unconventional commensurability effect can be observed, which is attributed to the
magnetic caging of vortices. This behavior is also confirmed by molecular dynamic simulations of vortex motion [1].
Simulations of the ion-target interactions and the resulting collision cascades and the investigation of the
commensurability effects in oblique magnetic fields reveal that the matching features are dominated by the artificial
pinning landscape despite of the strong intrinsic pinning in thin YBCO films [2]. These findings open the path for
the realization of more complex structures and thus to intriguing possibilities for the manipulation of vortices in high-
temperature superconductors.
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We numerically investigate the effect of an edge indentation on the threshold field of thermomagnetic instabilities
in superconducting films subjected to a ramping magnetic field, applied perpendicular to the plane of the film. In
particular, we are able to address the question on whether edge indentations promote magnetic flux avalanches,
For the magnetic field-independent critical current density model, the triggering of the first magnetic flux avalanche
systematically occurs at the edge indentation. In contrast to that, for the more realistic field-dependent critical
current density model the first flux avalanche can take place either at or away from the indentation. This selective
triggering of magnetic flux avalanches is shown to result from two effects. Namely, (i) the variation of the threshold
magnetic field for the first flux avalanche triggered at the indentation and (ii) the reduction of the critical current
density by large local magnetic fields at the tip of the indentation which translates in a lower power density dissipated
near the tip. We demonstrate that this interplay can be tuned by varying the indentation size, ramp rate of applied
field H ,, and working temperature T,,. We build up a phase diagram in the uoH 5 — T, plane with

well-defined boundaries separating three distinct regimes of thermomagnetic instability. Further information can be
found in Ref.[1].
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Structural phase transition of the vortex lattice in bulk superconductors
with low-K values
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The behavior of the vortex lattice in bulk superconductors at low — « limit has been investigated. It is shown
by numerical calculation that at low values of magnetic induction the vortex chain structure appears. On the
otherhand, with the increase of the magnetic induction a crossover to the stable hexagonal structure has been
observed.These results are in accordance with the experimental observation of the attractive vortex — vortex
interaction inlow — k superconductors. The interaction energy is calculated by numerical solving of the

Eilenberger equations.
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In the well known Bean model framework, the penetration depth of the magnetic flux frontin a type Il superconductor
has an intimate relation to its pinning properties, vortex dynamics, and effective current density. When thin films
are nanoengineered with arrays of artificial pinning centers, such as antidots or holes, they can successfully
increase the pinning capacity and more effectively shield the flux pervasion, resulting in a shorter flux penetration
depth. Moreover, a gradient distribution of pinning centers can further enhance the effect[1], pronouncedly in the
case of a conformal crystal arrangement]2].

Simulations within the Ginzburg Landau formalism[3] have reported that a superconducting thin film cooled under
an inhomogeneous out of plane magnetic field presents vortex distributions equivalent to conformal crystals. Such
a finding can be achieved experimentally by using a current loop concentric with the sample to generate the
inhomogeneous field. This approach, therefore, stands to have a significant impact on the depth of flux penetration
front. Thus, we have fabricated a superconducting device composed of a square 200 nm thick Nb film surrounded
by a thin Nb loop with contact pads allowing current to flow through. Qualitative and quantitative analysis of
magnetic optical images of our device under critical state conditions reveal the influence of different cooling routes
on the flux penetration. The results show that the presence of vortices previously pinned during cooling under an
inhomogeneous field with the same orientation as the applied field leads to the shortest flux front penetration depth,
even when compared to a homogenous field cooling condition, therefore pointing to a hierarchy on the film’s
screening capacity directly influenced by either repulsive (vortex vortex) or attractive (vortex antivortex) interactions.

References

[1] Motta et al., APL 102, 212601 (2013).

[2] Rey, et al., PRL 110, 267001 (2013).

[3] Menezes et al., J.Phys.:Condens.Matter. 31, 175402 (2019).

E-Mail: m.motta©df.ufscar.br

61



Nanoengineered Superconductors — NES21 Online workshop, May 10-12, 2021

P05

Electronic structure of the vortices pinned by a planar defect of various
transparency

Vadim PLASTOVETS'2, Alexey SAMOKHVALOV23, Alexander MEL'NIKOV23, Alexander BUZDIN'

"University Bordeaux, LOMA UMR-CNRS 5798, F-33405 Talence Cedex, France
2Institute for Physics of Microstructures, Russian Academy of Sciences, 603950 Nizhny Novgorod, Russia
3Sirius University of Science and Technology, 1 Olympic Ave, 354340, Russia

The electronic structure of an Abrikosov vortex pinned by a high-transparency planar defect in a type-Il superconductor is
analyzed within the quasiclassical approach of the Bogoliubov—de Gennes (BdG) theory. The normal reflection of electrons
and holes at the defect plane results in the topological transition in the spectrum and formation of a type of quasiparticle state
skipping or gliding along the defect. This topological transition appears to be a hallmark of the initial stage of the crossover
from the Abrikosov to the Josephson vortex type (A-J) revealed in the specific behavior of the quantized quasiparticle levels
and density of states [1].

The change in the magnetic structure of the Abrikosov vortex placed near a plane defect with high transparency was also
obtained using the Londons approach. As the vortex approaches to the defect the level lines of the magnetic field in the plane
perpendicular to the vortex axis lines are deformed due to the change in the London penetration length in the vicinity of the
barrier.

The opposite limit of the A-J vortex — pure Josephson vortex without a normal core formed on the low-transparency planar
defect was also considered [2]. Such a vortex can be described as a system with quasiparticles moving in the presence of an
effective potential shaped by an inhomogeneous distribution of the phase difference of the order parameter along the defect.
Within the framework of the quasiclassical approximation of the BdG equations, the quantized spectrum of quasiparticles and
the local density of states were obtained. The results for both different cases can be used to analyze data from experiments
on measuring the electronic properties of the described systems.
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We study the effect of thermal fluctuations (or creep) [1] on the penetration of an ac magnetic field into the mixed state of a
type Il superconductor within the strong pinning formalism, where vortices get pinned by individual defects and jumps in the
energy (Aepin) and force (Afyin) between pinned and free states characterize the pinning process. The ac linear magnetic
response is quantified by the so-called Campbell length Ac(t) [2], whose evolution as a function of time t is the result of two
competing effects, the change in the force jumps Afgi (t) and a change in the trapping distance fi(t) of vortices; the latter
describes the distance from the defect where a nearby vortex gets trapped. During the decay of the critical state in a zero-field
cooled (ZFC) experiment, the Campbell length Ac(t) behaves nonmonotonically, contrary to what happens in a measurement
of the persistent current. The Campbell length always decreases at short times, and then increases for longer waiting times,
at least for very strong pinning, and its relative change is parametrically smaller than that of the persistent current [3]. Once
thermal equilibrium is reached, the magnetic field is distributed homogeneously inside the superconductor, leading to vanishing
persistent current, while the Campbell length remains finite and similar to the one without relaxation. Measuring the Campbell
length Ac(t) for different states, zero-field cooled, field cooled, and relaxed along closed temperature loops, we obtain different
results, dependent on the state preparation, the temperatures and the waiting times. In this way, important information on the
pinning mechanism is obtained and the pinning potential of the defects can be quantitatively characterized [4].
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Understanding and controlling the behaviour of vortices of supercurrent is of utmost importance in nanostripes
based superconducting electronics such as diodes [1,2], logic devices [3,4], microwave resonators [5], and single-
photon detectors [6] to name a few. To that end, we have performed numerical simulations within the Ginzburg-
Landau formalism to investigate how vortex row formations stabilize in nano-stripes of different widths in the
presence of an external magnetic field. We emphasise how such rows relate to observable features in the
superconducting critical current and spectra of frequencies in output voltage modulations. Commensurate
behaviour between the critical current and magnetic field is reinforced showing how it can help identify the presence
of a number of vortex rows. Analysing the modulations in output voltages for dissipative states just above the critical
current, shows a clear difference in the number of characteristic frequencies present between one row of vortices
and two or more rows, related to the vortex crossings and different phases of slow and fast moving vortices [7,8].

References
[1] C Reichhardt et al - Physica C: Superconductivity, 2010[2] JF Wambaugh et al - Physical Review Letters,

1999[3] VK Vlasko-Vlasov et al - Physical Review B, 2017[4] R Cérdoba et al - Scientific reports, 2019[5] N

Samkharadze et al - Physical Review Applied, 2016[6] LN Bulaevskii et al - Physical Review B, 2012[7] L Embon

et al - Nature communications, 2017[8] OV Dobrovolskiy et al - Nature communications, 2020

E-mail:benjamin.mcnaughton©unicam.it

Vortex-row phase transition
diagram showing the stripe
width, in units of §, against
the applied magnetic field, in
units of Hcz. Obtained using
the stationary Ginzburg-
Landau approach. Dashed
lines represent the
appearance of a new row,
and solid lines depict a fully
formed row. The variable n
is used for the number of
rows present.
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As recently demonstrated, thin-film NbRe is a promising material for Superconducting Nanowire Single Photon
Detectors (SNSPDs) with low recovery and jitter times [1,2]. Both the small effective coherence length and high
current density reduce the quasiparticle relaxation time. This resulting gain in single photon detection rate is
expected to be further enhanced by coupling it to a thin ferromagnetic layer [3]. Our aims to realise a NbRe SNSPD,
and subsequently, to build an even faster device by coupling the NbRe thin layer with a thin Co layer. For this, the
polycrystalline noncentrosymmetric superconductor NbRe films (8 nm) are deposited onto a substrate by UHV
sputtering. Charge transport measurements confirm the superconducting ordering in NbRe with a small coherence
length of 5.2 nm. Furthermore, the electronic characteristics of a 14 nm NbRe film coupled with a 4 nm Co layer
were carefully investigated at cryogenic temperatures. The data show strong coupling effects at the
superconducting-ferromagnetic interface. A signature of proximity effect has been observed. The results so far
validate NbRe as a highly encouraging base material for future fast SNSPDs. It is also shown that coupling it to a
thin ferromagnetic film provides an exciting pathway to superconducting-ferromagnetic interface research. Indeed,
a high single photon detection rate is now accessible, with comparatively simple fabrication methods.
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In this work, we present an approach to tune the device metrics of superconducting structures through local He+
ion irradiation. Due to the superconducting thin film's sensitivity to disorder when irradiated and the high collimation
of the He+ ion beam, we can control the superconducting gap at specific locations on the device. We investigate
the effect of He+ ion irradiation by comparing the critical current between unexposed and exposed devices.
Additionally, we have explored using local He+ ion irradiation to potentially improve superconducting single-photon

detectors.
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We show the results of time-dependent Ginzburg-Landau simulations of vortex statics and dynamics in a
superconducting film coupled to a chiral magnet in a hybrid heterostructure. We discuss the conditions on the stray
field of skyrmions to nucleate vortex-antivortex structures in the superconductor, and how those interact with
externally applied homogeneous magnetic field — changing simultaneously both skyrmion and vortex(-antivortex)
configuration. Correspondingly, in applied current simulated vortex dynamics reveals rich features due to the
presence of skyrmion background. This includes successive vortex-antivortex pair creations and annihilations at
the skyrmion domain walls, interacting non-trivially with other moving vortices under applied drive, and changing
strongly with inverted polarity of the applied current and/or applied magnetic field. Our results are in agreement with
recent experiments conducted on similar hybrids [1], and offer insights into the underlying mechanisms of
measurable quantities, be it static magnetization or transport |-V characteristics. Such realizations of a strongly
interacting skyrmion-vortex system could open a path towards controllable topological hybrid materials,
unattainable to date.
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Since the early works on long-range triplet (LRT) correlations in ferromagnets, a growing number of theoretical
studies have considered the relation between spin-polarized Cooper pairs and magnetic textures, like Skyrmions,
domain walls and ferromagnetic vortices. In contrast, the experiments that can establish this interaction remain
scarce. Here we investigate the interplay between a ferromagnetic vortex and LRT Cooper pairs by combining
micromagnetic simulations with nanostructured Josephson junctions. We show that LRT correlations can be
generated by a single ferromagnet, utilizing the vortex spin texture of a disk-shaped Co/Nb bilayer (See Figure 1).

Our findings demonstrate that spin texture can lead to non-trivial distribution of triplet supercurrent, where transport
tends to be highly localized at the edges of the junction. By modifying the spin texture of a single ferromagnet, we
show that both zero and 1 channels can be realized in the same device. Here | will describe the relevant
mechanisms for the LRT generation in our junction, with a particular emphasis on the role of equilibrium spin
currents at sample boundaries.

(a) Nb/—'| Vortex Core

A1

Figure 1: © Schematic of a disk device. The Nb electrodes are separated by a trench, forming a Co weak link. The pattern on the Co layer
corresponds to micromagnetic texture of the ferromagnet. The arrows show the in-plane magnetization, while the out of plane component is
represented by color, which only appears at the vortex core (blue region). (b) False colored scanning electron micrograph of a structured
bilayer. The 20 nm gap indicates the Co weak link at the bottom of the trench. The scale bar is equivalent to 400 nm.
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RuO; has generated considerable interest in recent years due to the discovery of its anomalous antiferromagnetic
order [1], crystal Hall effect [2] and its affinity with unconventional superconductivity [3,4]. This makes high quality
RuO, nanostructures an attractive platform for antiferromagnetic spintronics and the study of highly correlated
electrons. In this work, we grow single-crystal RuO. nanowires through chemical vapor deposition. We show that
high quality metallic RuO, wires can be prepared in a reliable and reproducible manner using selective area growth.
The RuOy is characterized via XRD and transport experiments, including Hall measurements. In order to explore
the interplay between the superconductivity and exotic magnetic ordering of RuO,, we proximize the nanowires
using superconducting electrodes, forming a planar Josephson junction. Here, | will discuss the nature of the
proximity effect in RuO., and provide an outlook for its potential applications in dissipation-less antiferromagnetic
spintronics.
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Superconductivity owes its properties to the phase of the electron pair condensate that breaks the U(1) symmetry.
In the most traditional ground state, the phase is uniform and rigid. The normal state can be unstable towards
special inhomogeneous superconducting states: the Abrikosov-vortex state and the Fulde-Ferrell-Larkin-
Ovchinnikov state. Here we show that the phase-uniform superconducting state can go into a fundamentally
different and more ordered nonuniform ground state, referred to as a “phase crystal” [1]-[5]. This state breaks
translational invariance through formation of a spatially periodic modulation of the phase, manifested by unusual
superflow patterns and circulating currents, that also break time-reversal symmetry. Using microscopic theory, we
derive an analytic expression for the superfluid density tensor for the case of a nonuniform environment in a semi-
infinite superconductor [1]. We demonstrate how surface quasiparticle states enter the superfluid density and
identify phase crystallization as the main player in several previous numerical observations in unconventional d-
wave superconductors, and predict the existence of a similar phenomenon in conventional superconductor-
ferromagnetic structures. The analytic approach provides a unifying aspect for the exploration of boundary-induced
quasiparticles and collective excitations in superconductors. The analytic results are compared with self-consistent
numerics, using both quasiclassical theory [2]-[4] and Bogoliubov-de Gennes theory [5]. These methods show
qualitative agreement, and effects of size quantization and Friedel oscillations are not detrimental. Furthermore,
the state shows robustness against external fields and surface disorder. The transition into the phase-crystal state
is of second order and occurs at roughly 20% of Te.

Figure 1: Spontaneous appearance of periodic phase and phase gradients, giving rise to current loops (left), and sheets (right).
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We study mesoscopic superconducting (S)-normal metal (N) heterostructures with spin-active interfaces in steady-
state nonequilibrium induced by a voltage bias in an N-S-N set-up [1]. In the case of spin-active N-S interfaces, we
report results for the nonequilibrium magnetization injected into the superconductor. Our interests lie in the charge
and spin transport in such systems outside of the diffusive limit that is usually considered in literature. Using full
quasiclassical theory from the ballistic to diffusive case, we perform a self-consistent calculation that guarantees
current conservation through the entire system. This allows us to investigate crucial phenomena such as charge
imbalance, induced magnetization, the quasiparticle current-to-superflow conversion, and momentum-resolved
nonequilibrium distribution functions. Extending earlier results for the diffusive case, we find a critical bias voltage
Ve that can cause the breakdown of superconductivity at currents far below the bulk critical current. We discuss
the origin of Vc and its dependence on the mean-free path and the interface transparency D. The value of Vc
typically increases with reduced D, while the dependence on the mean-free path is non-monotonous.
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Spectral current density j(e,z) for a normal metal-insulator-superconductor-normal metal (NISN) system with asymmetric interface
transparencies (D.=0.5, Dr=1) and intermediate mean-free path | = §, where & is the superconducting coherence length. The conversion
from quasiparticle current to superflow is clearly seen. (b) Energy mode f. of the distribution function for the same system. The mode is zero
for energies less than eVir in the N region and relaxes to the equilibrium shape deep in the superconductor. (c) The charge mode fr of the
distribution function for the same system.
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We investigated numerically the hybrid structures where a homogenous ferromagnetic (F) layer is coupled via stray
field to a planar superconducting (S) pattern. The F layer forms a conduit for spin waves and the S layer affects
and controls their propagation. The main mechanism behind this control is the change of the static and dynamic
magnetic field in the vicinity of F by the eddy currents in a superconductor due to the Meissner effect and the
modification of the boundary conditions resulting from the presence of the perfect conductor.

In the considered structures, the spin-wave transmission can be investigated experimentally by propagating spin-
wave spectroscopy. For such experiments, a high group velocity of spin waves is required to minimize signal losses
between the transmission and receiving antennas. Therefore, we will focused on the Damon-Eshbach geometry
(magnetic field is applied in-plane, perpendicularly to the direction of the wavevector), where the foundational
structure [Fig. 1©] which exhibits non-reciprocity for spin-wave propagation and demonstrates the potential of such
systems, is a single F layer overlaid by a continuous S layer. By changing the distance d between the F and S
layers, we can modify the range of the increased group velocity values in one of the directions of propagation.
These features are also observed for more complex structures like magnonic crystals induced in an initially
homogenous F layer by the stray field of a periodic S nanostructure [Fig. 1(b)].
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Fig. 1. Non-reciprocity of spin waves in F/S hybrid structures. The spin-wave dispersion calculated by the finite-element method (COMSOL
Multiphysics) for a continuous Py layer covered with a uniform S layer © and 500 nm-spaced S stripes (b). The red circles in (b) mark the
Bragg gaps observed at non-symmetric locations in the Brillouin zone for the F layer with a thickness d of 20 nm.
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Broadening of the in-gap-state energies at non-zero temperatures of the
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A single quantum dot attached to two superconducting leads has recently raised great interest due to its
novel physics and potential application in nanoelectronics and quantum computing. Here, we employ our
recently developed many-body perturbation theory [1] to study the spectral properties of the
superconducting quantum dot in the weak coupling regime. We determine the dynamical self-energy on
the dot from the Schwinger-Dyson equation with the two-particle vertex calculated from the reduced
parquet equations of Ref. [2]. The one-particle Green function in the Schwinger-Dyson equation must be
used fully self-consistently with the resulting self-energy. This is the only way to guarantee analytic
properties of the Green functions and physical consistency. Consequently, the zero-temperature poles
due to the in-gap states of the one-particle propagator are broadened to bands by thermal fluctuations at
non-zero temperatures.
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The detection of single photons in microwave range needed for a number of novel quantum applications (quantum
radars, quantum computing, quantum communications, astrophysical detectors, etc.) are still a challenge because
of low photon energy. The experimental approaches using transitions in a quantum system with discrete spectrum
[1,2] require detailed understanding of the spectrum evolution during working cycle of the counter.

Basing on the scheme we proposed earlier [3,4], we start to explore the energy spectrum of a tunable flux qubit
with specified “hardware” parameters by its animation when changing the inter-well potential barrier height and
external magnetic flux bias through two dedicated gates. This visualization makes much easier for one to imagine
the re-arrangement of the qubit energy levels during its operational cycle. Here we report the first step in the
spectrum modelling in approximation of zero dissipation and are planning to include an interaction with dissipative
environment as a future model enhancement.

This work is supported by the NATO SPS Programme through grant No. G5796
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It has been recently predicted that the Josephson junctions formed by proximitized semiconducting nanowires
connected with an offset angle should exhibit the anomalous Josephson effect [1-3] which is characterized by the
appearance of a spontaneous phase shift in the ground state of such junctions. However, the analysis of this effect
has been restricted to the limit of large Zeeman fields so that the proximitized nanowire is in the topologically
nontrivial phase and realizes the spinless p-wave superconductivity. The main goal of our work is to study the key
features of the Josephson transport through a curved semiconducting nanowire within the full range of the Zeeman
fields covering both topologically trivial and nontrivial regions of the phase diagram.

Based on numerical simulations and analytical estimates within the framework of the Bogoliubov — de Gennes
equations we reveal the magnetic-field driven crossover from the conventional to the anomalous Josephson effect
as the system undergoes the topological phase transition. The distinctive features of the Josephson effect are
studied for two inequivalent orientations of the spin splitting field: (i) a curved nanowire junction is placed in the
external magnetic field directed perpendicular to the substrate, (i) the spin splitting field is directed parallel and
antiparallel to the nanowire axis in different parts of the system. We find that for both orientations of the spin splitting
field the presence of the above-mentioned crossover reveals itself in the superconducting diode effect: the
magnitude of the critical current depends on the direction of the applied current.

This work was supported in part by the Russian Foundation for Basic Research under Grant No. 19-31-51019. The
work involving numerical calculations for the case of a textured spin splitting field was supported by the Russian
Science Foundation (Grant No. 20-12-00053).
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The two-dimensional electron gas (2DEG) formed at the interface between LaAlO3(LAO) and SrTiO3 (STO) band
insulators is a very rich and complex system[1], whose properties are now being investigated also in the view of
innovative quantum devices realization. This tunable 2DEG can be made spin-polarized introducing a thin layer of
EuTiOs at the interface between LAO and STO [2]. In the recent years, several specific nanofabrication techniques
were developed to reveal the unique fundamental properties of oxide 2DEGs, such as direct writing using a
conducting-tip atomic-force microscope or creation of an amorphous template on the substrate using electron-beam
lithography [3].

In this work, we present LAO/ETO/STO nano-devices with dimensions down to 160nm obtained by a top-down
patterning technique based on Ar+ ion milling in combination with electron beam lithography. We realized several
types of devices, including Dayem bridges and side gate devices with various gate electrodes configurations. We
demonstrate that our patterning technique does not damage the oxide 2DEG, both from the structural and from the
electronic transport point of view. Our devices are indeed largely tunable using electric field effect and their
properties are remarkably uniform. The innovation brought by our technique is the possibility to access laterally the
2DEG, opening new exciting perspectives for the creation of hybrid devices.

We believe that 2D oxides have a great potential for new spintronic and quantum electronic applications; to this
aim, the development of specific nano patterning techniques represents a fundamental requisite for the realization
of  functional integrated devices, ofhybrid  normal/superconductor structures or even to
superconductor/superconductor  structures, where the 2DEG could be proximized by another
superconducting material.
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We present an open-source framework for simulating singlet superconductors in equilibrium, confined to 2D
mesoscopic grains, in an external magnetic field. It aims at being both fast and easy to use, enabling research
without access to a computer cluster. The core is written in C++ and CUDA, exploiting the embarrassingly parallel
nature of the quasiclassical theory of superconductivity by utilizing the parallel computational power of modern
GPUs. The framework can compute the superconducting order-parameter, the induced vector potential (and flux
density), the current density, and the free energy, as well as the local density of states. The simulation can be
visualized in real-time with OpenGL. A user-friendly Python frontend is provided enabling simulation parameters to
be defined via intuitive configuration files, or via the GUI/CLI, without requiring a deep understanding of
implementation details. The framework ships with simple tools for visualizing the results, including an interactive
spectroscopy tool. An overview of the theory is presented, as well as examples showcasing the framework's
capabilities and ease of use.
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There is extensive knowledge about the production and optimization of superconducting properties of several
YBa2CusO7.5 (Y123) structures, which are distinguishable for their high critical temperature and possible use in
practical applications. However, particular information regarding the ideal heat treatment to obtain high-quality Y123
specimens in the form of one-dimensional nanostructures is still lacking at present. These Y123 nanowires may be
fabricated by different techniques, but the Solution Blow Spinning technique (SBS) has been gaining attention in
recent years as the most simplified and low-cost method to provide a large-scale production of nanowires.

To contribute to these efforts we have prepared polymer fiber samples with embedded metals employing the SBS
technique. Such polymer composite fibers were then fired and studied by thermogravimetric analysis and precursor
ceramic fibers were obtained. Then, samples were divided into batches and subjected to different heat treatments
with maximum sintering temperature in the interval of 850°C-925°C for 1 h under oxygen flux. X-ray diffraction
analysis revealed the presence of the desired Y123 phase in all samples together with small concentrations of
secondary phases. Scanning electron microscopy allowed us to investigate the evolution of morphologic
characteristics of the Y123 nanowires with sintering temperature, indicating a reduction in the grain boundary
density for higher temperatures, i.e., an improvement in the weak-link response. These findings are then confirmed
by ac susceptibility and dc magnetization measurements that demonstrate the highest weak-link critical
temperature and largest diamagnetic response for the sample sintered at 925°C/1 h.
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A high critical current density in high temperature superconducting (HTS) tapes is vital for their employment in
future superconducting energy applications, such as for lossless power transmission from remote energy sources
[1], superconducting magnetic energy storage systems [2], and superconducting motors and generators [3]. The
critical current density is controlled by engineering the pinning force for superconducting vortices. One such pinning
strategy involves the introduction and optimisation of nanoscale second phase inclusions. To better understand the
pinning mechanism and evaluate the performance of this approach, we perform quantitative magnetic imaging and
‘local’ magnetisation measurements on commercial GdBaCuO second generation (2G)-HTS tapes hosting Gd2Os3
second phases using scanning Hall probe microscopy. Our low magnetic field (<1mT) images reveal a low density
of very strong pinning sites giving rise to repeatable but highly disordered vortex patterns. Remarkably, the peak
fields and full-width-half-maxima (FWHM) of the vortices differ considerably from what is typically observed in
‘cleaner’ superconductors. Vortex profiles are found to be exceptionally broad, several times larger than the film
thickness, with very little temperature dependence in the range 10K to 85K. This suggests that while the vortex line
energy restricts the lateral wandering due to pinning by multiple sites to be less than the superconducting layer
thickness, the supercurrent flow around the vortices is highly disrupted by the dense array of pinning sites, greatly
extending their range as well as that of the magnetic fields associated with them. Additionally, by correlating
magnetic imaging with topographic gating and SEM images, we find that CuO, precipitates and outgrowths, which
are ~1um in size, do not represent effective pinning sites. This suggests that the nanoscale Gd.O3 second phases
are the dominant pinning sites at low fields over a broad range of temperatures below T. Our ‘local’ magnetisation
measurements reveal a noticeable deviation from the accepted 2D Bean critical state model, and irreversible M-H
loops have shapes closer to those predicted by a 3D critical state model. This suggests that the critical state profiles
are relaxing quite rapidly due to flux creep. Our measurements provide important new insights about the role second
phase defects play in enhancing the critical current in 2G-HTS tapes.
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In this contribution we present our approach to synthesizing single crystals of GdFes..Co,AsO superconductors
using the salt flux technique.

The study performed on polycrystal GdFe:..CoxAsO-based samples [1-3] suggest a lot of similarities to the Eu(Fe:.
xC0x)2As, compounds [4, 5 and references therein).

Similarly as in the Eu-122-systems, the Gd-1111-systems exhibit 3d and 4f magnetism, as well as
superconductivity. Moreover, the study suggests that in both cases there is an interplay between the two magnetic
sublattices, and an interplay of the magnetic lattices with superconductivity. [1-5]

Our study on the Eu-122-systems have shown that due to the unique magnetic structure on the Eu-sublattice (4f-
electrons) we can tune the superconducting state not only by changing the Co-concentration but also by the external
magnetic field — and in extreme cases induce superconductivity. We also suggest that due to the Eu-magnetism
we could witnessing a vortex state even in zero (external) magnetic field — spontaneous vortex state. [4, 5 and
references therein]

Due to the similarities in Eu-122 and Gd-1111 systems we want to investigate the latter compounds to see whether
the same behaviour can be induced in these compounds. Because of the anisotropic nature of these phenomena,
we need single crystal samples.
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Among the Remeika phases - the group of stannides named after their discoverer — we found two of
representatives especially interesting. GdslrsSn13 compound that exhibit multiple magnetic
states associated with the 3d and 4f electrons and CaslrsSn1s (calcium analogue) which is well known
superconductor. However, until now the studies on these materials were limited to the ‘pure’ parent
compounds and did not consider its ‘solid solutions’ [1,2].

Therefore, these materials have promising properties, where interplay of superconductivity and f-electron
magnetism could be observed as for the EuFe,As,-based superconductors. [3] Moreover, there are cases
when only for certain directions extraordinary properties are observed (e.g., field induced
superconductivity, re-entrance). [3]

In this contribution we present our approach to synthesizing single crystals of GdsxCaxlrsSnsz magnetic
superconductors, that were used for bulk and microscopic studies.

The single crystals of the parent compounds and their mixtures were synthesized using Sn flux technique.
The typical size of obtained crystals was 3 mm x 3 mm x 3 mm. XRD diffraction and EDS spectroscopy
studies performed on these crystals confirm purity and chemical composition. Moreover, DC
magnetization and AC susceptibility measurements revealed that our samples exhibits superconductivity
and various magnetic phases such as localized magnetism and charge density wave.
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Understanding the vortex pinning mechanisms in Iron-Based Superconductors (IBS) is crucial for their practical
applications. In order to understand the pinning mechanisms acting in Fe (Se, Te) thin films, we analysed the angular
dependence of pinning activation energy U (H, 8) as a function of magnetic field and of the angle 6 between the
ab-plane and the direction of the field. The U (H, 8) curves have been evaluated from magneto-resistivity
measurements acquired at different orientations between the applied magnetic fields and sample. We observed
that the activation energy decreases with increasing applied magnetic fields and varying 8 from 0° to 90. It can be
noticed that the magnetic-field dependence of the activation energy follows a power law, U(H) o< H=% and it is
observed a crossover in the a values. The crossover can be interpreted as a transition from a low-field single-
vortex pinning to a collective-vortex pinning at higher field. Finally, it is found that in the collective pinning regime,
U (H, 8) dependence is smooth and less anisotropic for the Fe (Se, Te) material if compared to other HTS materials.
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A magnetic impurity placed on a surface of a conventional superconductor gives rise to discrete sub-gap states in
the spectral function known as Yu-Shiba-Rusinov (YSR) states. When an array of magnetic impurities is placed on
a superconductor, the individual localized YSR states hybridize and form a continuous band. A recent experimental
study in a system of superconducting boron-doped diamond coated with a hydrogen monolayer shows indeed this
case [1].

Motivated by the experimental findings, we use the superconducting periodic Anderson model (SCPAM) at half-
filling to describe the in-gap YSR bands [2, 3]. The SCPAM consists of a superconducting BCS-type band that
hybridizes with a correlated localized band (impurities). We use the dynamical mean-field theory method with
quantum Monte Carlo and iterative perturbation theory as impurity solvers to study the model on a square lattice
[4, 5]. We find the spectral function for the localized electrons shows in-gap YSR-like bands and a transition from
a singlet to doublet ground state similar to the 0-pi transition known from the superconducting impurity Anderson
model.
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Structural simplicity combined with a rich variety of electronic properties are key signatures of elemental 2D
materials and every new member of this family attracts substantial interest. By means of accurate ab initio
calculations in combination with anisotropic Eliashberg theory, we reveal that two recently fabricated monolayer
phases of gallium, Ga-100 and Ga-010 (also referred to as gallenenes), are conventional superconductors with
sizable critical temperatures (7-10 K) surpassing that of the bulk alpha-gallium (4 K) [1]. The superconducting state
of Ga-100 is represented by three distinct gaps in contrast to Ga-010 which has one anisotropic gap. Ga-100
attracts particular interest due to it being isostructural to graphene and thus representing structurally the simplest
superconductor to-date. For Ga-010, we investigated the effect of hydrogenation on superconductivity, and we
report that not only does the hydrogenation enhance the critical temperature up to 17 K, but also it induces two
distinct superconducting gaps.

Additionally, we investigated topology of the Ga-100, and found that above the Fermi level, there is a graphene-
like Dirac cone which represents highly prominent edge states and thus suggests non-trivial topology of the
monolayer. Thus, we reveal Ga-100 as a promising material with superconducting and topological quantum phases
in coexistence. Such mixture of phases in combination with the striking structural simplicity makes Ga-100 a
promising material to consider for making heterostructures. Ga-010 shows that its superconducting properties can
be significantly enhanced by chemical functionalisation.
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Coupling individual atoms via tunneling fundamentally changes the state of matter: electrons bound to atomic cores
become delocalized resulting in a change from an insulating to a metallic state, as it is well known from the canonical
example of solids. A chain of atoms could lead to more exotic states if the tunneling takes place via the
superconducting vacuum and can induce topologically protected excitations like Majorana or parafermions [1].
Toward the realization of such artificial chains, coupling a single atom to the superconducting vacuum is well
studied, but the hybridization of two sites via the superconductor was not yet reported. The peculiar vacuum of the
BCS condensate opens the way to annihilate or generate two electrons from the bulk resulting in a so-called
Andreev molecular state[3][4]. By employing parallel nanowires with an Al superconductor shell, two artificial atoms
were created at a minimal distance with an epitaxial superconducting link between. Hybridization via the BCS
vacuum was observed between the two artificial atoms for the first time, as a demonstration of an Andreev molecular
state.
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Two-dimensional (2D) materials, composed of single atomic layers, have attracted vast research interest since the
breakthrough discovery of graphene. One major benefit of such systems is the simple ability to tune the chemical
potential by back-gating, in-principle enabling to vary the Fermi level through the charge neutrality point, thus tuning
between electron and hole doping. For 2D Superconductors, this means that one may potentially achieve the
regime described by Bose Einstein Condensation (BEC) physics of small bosonic tightly bound electron pairs.
Furthermore, it should be possible to access both electron and hole based superconductivity in a single system.
However, in most 2D materials, an insulating gap opens up around the charge neutrality point, thus preventing
approach to this regime. Graphene is unique in this sense since it is a true semi-metal in which the un-gapped
Dirac point (DP) is protected by the symmetries. In this work we show that single layer graphene, in which
superconducting pairing is induced by proximity to regions of a low density superconductor, can be tuned from hole
to electron superconductivity through an ultra-low carrier density regime where the BEC limit is effectively realized.
We study, both experimentally and theoretically, the vicinity of this "Superconducting Dirac point" (SDP) (Figure
10©) and find an unusual situation where reflections at interfaces between normal and superconducting regions
within the graphene, suppress the conductance (Figure 1(b)) and, at the same time, Andreev reflections maintain
a large phase breaking length. In addition, the Fermi level can be adjusted so that the momentum in the normal
and superconducting regions perfectly match, giving rise to ideal Andreev reflection processes.
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Figure 2: © Sheet resistance as a function of gate voltage of bilayer of single layer graphene and disordered indium oxide film (SLG/InO).
(b) Relative conductivity as/on (as is the differential conductivity of bilayer of SLG/InO and o is the differential conductivity of bare SLG) as
a function of bias voltage Voc. Measurements were performed at T=0.33K and B=0T.
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Vortex matter in superconductors has been the focus of research by theoretical and experimental groups around
the world (1). When developing superconducting devices patterned on thin films, it should be borne in mind that
flux avalanches can occur for some materials in a certain range of applied fields and temperatures. Technological
applications of thin films can be threatened by the occurrence of magnetic flux avalanches of thermomagnetic origin
appearing in a large part of the superconducting phase (2). Using a quantitative magneto-optical imaging technique,
this work deals with thin films of Pb in the distinctive form of a wedge. The thicknesses of the wedge-shaped
samples decrease almost linearly to a non-zero minimum value at the opposite edge. AC and DC magnetometry
measurements were conducted to characterize the superconducting properties of the thin wedge films. Magneto-
optical images revealed interesting features of the dendritic flux avalanches in the films. Wedge-shaped systems
open up a new way of tuning the critical current in the film, allowing one to study the resulting changes in the flux
penetration patterns throughout the films. The observation of flux avalanches reported here implies that, as usual,
attention should be paid to this feature when films with variable thickness are considered for possible applications.
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