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The 6" international conference «Fundamental problems of superconductivity-2025» will be
held in an on-site format in the Hotel Izmailovo «Beta» from September 28 to October 4, 2025.

PREFACE

The conference «Fundamental Problems of High Temperature
Superconductivity-2025» (FPS’25), is the 6" conference in row, organized by the
P.N. Lebedev Physical Institute.

The years preceding FPS’25 were extremely impressive and fruitful for this
field due to the discovery 10 years ago of hydrogen sulfide superconductivity with a
record critical T, value 203 K, with impressive achievements in the interfacial
superconductivity, including LaAlO; / SrTiOj; interface and FeSe monolayers on the
SrTiO;, and with the emergence of very interesting physics of the topologically non-
trivial materials, including the topological superconductivity. In the fall of 2016, the
HTS-community commemorated the 100" birthday of Vitaly Ginzburg, a Nobel
laureate, great scientist and a great enthusiast of the High temperature
superconductivity. Subsequent conferences after FPS’15 have been postponed due to
the pandemic and other unforeseen events that prevented the meeting of participants
from different regions and countries.

The discovery of the high-temperature superconductivity in the whole class of
binary and ternary polyhydrides (whose T, reaches now 260 K) is important not only
due to their record high T, value. More importantly, it has breathed new life into the
conventional electron-phonon pairing, already revitalizing with the discovery of
MgB,. This finding and subsequent experiments give reason for hoping that
superconductivity can even occur at room temperature and at ambient pressure. Also,
this discovery opens up routes and encourages researchers for designing new
superconducting materials capable for practical applications.

Despite the almost 40-year history of HTSC in cuprates, their extremely
complex physics continues to pose a challenge to researchers. Magnetism, which has
traditionally been viewed as the antagonist of superconductivity, has recently
introduced new physics in superconductors with magnetic ordering of atoms. Another
new twist in research promises combinations of topological properties and
superconductivity, either in a single material or in layered structures.

On the practical application side, new iron-based supersonductors and (Cu,C)-
1234 HTSC materials obtain a good chance to become successors of REBCO, Nbs;Sn
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and NDbTi wires, due to their superior performance and a simpler manufacturing
technology.

The FPS Conference considers complexity and promise of the novel materials,
and causes the scientific community to more freely share the ideas and results in the
field of superconductivity. It became a tradition to publish selected FPS’15 papers
collection in the Journal Superconductivity and Novel Magnetism (Springer). This
FPS’25 conference is no exception to this tradition. We will be delighted to have
received contributions from the leading researchers in the field.

The main topics of the FPS’25 conference are as follows:

. (M) Fundamentals of high temperature superconductivity (mechanisms, pairing
symmetry, etc);

. (RTS) Superconductivity at high pressures. Routes to «roomy» temperature
superconductivity at atmospheric pressure;

. (SQ) Properties of superconductors and quantum/topological materials;

. (SM) Superconductivity and magnetism;

. (A) Applied superconductivity.
We welcome all participants of FPS’25, wish them creative success and look
forward to new discoveries!

Michael Sadovskii (Institute of Electrophysics, RAS, Ekaterinburg, Russia)
Vladimir Pudalov (P.N. Lebedev Physical Institute, RAS, Moscow, Russia)
Co-Chairs, Program Committee
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(M) FUNDAMENTALS
OF HIGH TEMPERATURE SUPERCONDUCTIVITY
(MECHANISMS, PAIRING SYMMETRY, ETC)

Plenary

A universal low-temperature fluctuation
of unconventional superconductors revealed

Anthony Hegg, Ruoshi Jiang, Jie Wang, Jinning Hou,
Tao Zeng, Yucel Yildirim, Wei Ku

Tsung-Dao Lee Institute & School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai
200240, China,

Department of Materials Science and Metallurgy, University of Cambridge, Cambridge CB3 OFS, United
Kingdom,

Department of Energy Systems Engineering, Bilgi University, Istanbul 34060, Turkey,

Key Laboratory of Artificial Structures and Quantum Control (Ministry of Education), Shanghai 200240,
China,

Shanghai Branch, Hefei National Laboratory, Shanghai 201315, China

Unconventional superconductivity remains an unsolved mystery since its
inception several decades ago. The low-temperature superfluid density in these
materials is the key property that illuminates the correct quantum theory while
eliminating  others. Based on data from almost 20 families of
bulk 3D superconductors, we identify a universal 7° reduction of the superfluid
density that rules out all previously proposed theories of superflow. We then develop
a Galilean consistent theory for bosonic superfluidity that generically reproduces
this 7° depletion. This result leaves charged superfluidity of emergent bosons as the
only known explanation for superconductivity in these materials.
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Low-temperature thermal fluctuations offer an essential window in
characterizing the true nature of a quantum state of matter, a quintessential example
being Fermi liquid theory. In the long-standing pursuit toward a fundamental
understanding of unconventional superconductivity, the most essential low-
temperature thermal fluctuation of superfluidity has unfortunately been greatly
overlooked. Here, we examine the leading thermal fluctuation of the superfluid
density across numerous families ranging from relatively conventional to highly
unconventional superconductors (MgB,, bismuthates, doped buckyballs, heavy
fermions, UTe,, doped SrTiO;, Chevrel clusters, intermetallics, x -organics,
transition metal dichalcogenides, ruthenates, iron-pnictides, cuprates, and kagome
metals). Amazingly, in all of them an unprecedented universal I° depletion
materializes in the low-temperature superfluid density, even in the believed-to-be-
conventional MgB,. This reveals a new quantum superfluid state of matter and
requires a necessary change of paradigm in describing modern superconductors. We
demonstrate that such unorthodox yet generic behavior can be described by a
Galilean invariant theory of bosonic superfluidity hosting a long-lived ‘true
condensate’.
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Unconventional superconductivity in low density electron systems
and conventional superconductivity in metallic hydrogen
and hydrogen metallic alloys

M.Yu. Kagan

P.L. Kapitza Institute for Physical Problems, Moscow, Russia

We consider different mechanisms of anomalous superconductivity in the
variety of low density electron systems ranging from Kohn-Luttinger mechanism of
SC in purely repulsive systems (described by Fermi gas, Hubbard and shubin-
Vonsovsky models) and Frohlich mechanism of the acoustic plasmon exchange in
RPA approximation for the two-band metals till spin-exchange mechanism for the
high T, cuprates in the framework of the t-J model.

We apply the obtained results for quantum gases, superfluid He-3 and He-3-
He-4 mixtures, high-7,, heavy fermion and iron based superconductors, monolayer
and bilayer graphene etc.

We discuss BCS-BEC crossover between extended Cooper pairs and compact
(local) pairs in quantum gases and superconductors.

We analize formation of the order parameter droplets in the 2D Hubbard model
with strong on-site attraction in the presence of strong disorder.

We also advocate local pair formation and superconductivity in bismuth oxides
BaKBiO within the scenario of space-separated Fermi-Bose mixture.

In the end of the talk we return back to the famous Eliashberg mechanism of
superconductivity and calculate the critical temperatures (revealing also their non-trivial
pressue dependence) in metallic hydrogen and different hydrogen metallic alloys.

We present an estimate for the lifetime and discuss interesting properties of
different metastable phases of metallic hydrogen including highly anisotropic
fillamentous phase with proton chains embedded in 3D electron Fermi liquid.

We reveal important analogies between the vibrational spectrum of this phase
and vortex crystals in rotating superfluid helium.

Developing Ashcroft ideas, we propose a scenario with the formation of two
Bose condensates in fillamentous and planar phases of metallic hydrogen with
Cooper pairs in electron subsystem and bi-proton pairs on one or neighboring chains
or planes in ionic subsystem.
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Impurity effect on an unconventional superconducting state
in iron-based materials

M.M. Korshunov, Yu.N. Togushova, V.A. Shestakov

Kirensky Institute of Physics, Federal Research Center KSC SB RAS, 660036 Krasnoyarsk, Russia,
Siberian Federal University, 660041 Krasnoyarsk, Russia

Disorder can result in interesting and unexpected effects in unconventional superconductors having
other than the usual uniform s-wave gap symmetry. Random-phase approximation spin fluctuation
approach applied to the iron-based superconductors gives the sign-changing s. state as the main
instability. The state got experimental support from neutron scattering and Andreev reflection
measurements. Here we focus on the role of the nonmagnetic disorder that leads to the change in the
gap structure from the s, to the sign-preserving s.. state within the multiband Eliashberg theory for a
two-band model of Fe-based systems.

Disorder — impurities and defects violating an ideal order — is always present in
solids. It can result in interesting and unexpected effects in unconventional
superconductors having other than the usual uniform s-wave gap symmetry.
Discovery of superconductivity in iron pnictides in 2008 boosted an interest in
multiband systems [1]. The ideas appeared some time ago in application for MgB, [2]
got a new life for iron-based superconductors [3]. Different presently discussed
mechanisms of Cooper pairs formation result in the distinct superconducting gap
symmetry and structure. In particular, the random-phase approximation spin
fluctuation approach in the clean limit gives the extended s-wave gap that changes
sign between hole and electron Fermi surface sheets — the so-called s, state — as the

main instability for the wide range of doping concentrations [4]. The state got
experimental support from neutron scattering [1], quasiparticle interference imaging
[5], and Andreev reflection measurements [6]. A remarkable property giving
prominence to iron based superconductors amongst a huge family of unconventional
superconductors is their robustness to the suppression of superconductivity via
nonmagnetic impurities. This property is associated with the possibility of changing
structure of a superconducting order parameter upon the addition of nonmagnetic
impurities [7]. The change of the order parameter structure is seen as the transition
from the s, state to the state with s, sign-preserving gap function [8]. The possibility
of the experimental observation of this transition may be provided by the considering
the London’s penetration depth for a superconductor with nonmagnetic disorder [9]
and there are at least two independent groups claiming the experimental observation
of it [10, 11]. The transition is significantly affected by the strength of an impurity
potential: for a weak scattering potential in the Born limit, the transition is
characterized by the abrupt change of the gap function while for stronger potentials it
is smooth with one of the gaps going through zero. In the unitary limit of strong
scattering impurity potential, the multiband analogue of the Anderson’s theorem is
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held, and the transition is absent. To study thermodynamical properties of the
disorder-induced transition between s, and s, superconducting gaps, we calculate

the difference AQ between the grand thermodynamic potentials in the normal and the
superconducting states. The nonmagnetic disorder is considered within the multiband
Eliashberg theory for a two-band model of Fe-based systems. Based on
the AQ calculations, phase diagram is plotted representing the energetically
favourable s, and s, states and the transition between them. At finite temperature, a
first order phase transition line in the vicinity of the Born limit is limited by a critical
end point. Above that point, the sharp s, to s. transition transforms to a crossover

between s, and s, states [12].

The study was supported by the Russian Science Foundation grant N 25-22-
20043, https://rscf.ru/project/25-22-20043/, grant of the Krasnoyarsk Regional
Science Foundation.
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Upper limit for superconducting transition temperature
in electron — phonon superconductors: very strong coupling

M.V. Sadovskii

Institute for Electrophysics, Russian Academy of Sciences,
Ural Branch, Amundsen str. 106, Ekaterinburg 620016, Russia

We present a brief review of some recent works introducing an upper limit for
superconducting transition temperature with the emphasis on the very strong coupling
limit of Eliashberg — McMillan theory.

We present a critical analysis of some recent attempts to introduce an upper
limit for superconducting transition temperature [1-8]. This can be done for different
models, starting from the simplest possible jellium model for metallic hydrogen [2],
leading to rather pessimistic results, through purely dimensional analysis [3], and up
to the results for the very strong coupling limit of Eliashberg — McMillan theory for
electron — phonon superconductors, leading to the possibility of room — temperature
superconductivity [4-8].
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Invited

Numerical evidence of pair density wave superconductivity
in strongly correlated systems

Yi-Fan Jiang

School of Physical Science and Technology, ShanghaiTech University

Pair-density-wave (PDW) is a long-sought exotic state with oscillating
superconducting order without external magnetic field. So far it has been rare in
establishing a 2D microscopic model with PDW long-range order in its ground state.
In this talk, we will discuss our recent works about the emergence of PDW in two
strongly correlated models. By performing a state-of-the-art density-matrix
renormalization group (DMRG) simulation, we show that PDW ordering established
in the ground state of a minimal model of spinless fermions on the honeycomb lattice
with density interaction. Remarkably this PDW state persists on the wider cylinder
with 2D-like Fermi surfaces (FS), which provided probably the first controlled
numerical evidence of PDW in systems with 2D-like FS. The evidence of PDW is
also observed in our recent DMRG study of the Hubbard model on wide diagonal
square lattice. We will discuss the exotic states, such as infinite-length stripes, holon
Wigner crystal, and incommensurate PDW, found in the spinful model on the new
sort of diagonal lattice geometry.
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Electronic structure, orbital-selective renormalizations,
and magnetic correlations in nickelate superconductors

I.V. Leonov
M.N. Mikheev Institute of Metal Physics, Russian Academy of Sciences, 620108 Yekaterinburg, Russia

The discovery of superconductivity in bulk Ruddlesden-Popper phases of
La,;Ni,Os,:; (LNO) with n = 2 (bilayer, Ni**") and »n = 3 (trilayer, Ni*®"")
with T, comparable to that in cuprates, ~80 K (for n = 2) and 20-40 K (n = 3), opens
up a new route to design high-T, materials. Here, we discuss the effects of electron
corrections, chemical doping and pressure on the electronic structure and magnetic
properties of these systems. Using ab initio band structure and DFT+dynamical
mean-field theory methods we show the proximity of the Ni 3d states in LNO to
orbital-dependent localization, complicated by strong spin and charge correlations.
We propose that spin and charge stripe fluctuations play an important role to tune
superconductivity in LNO.

The discovery of unconventional superconductivity in hole-doped infinite-layer
nickelate thin films RNiO, (R = Sr, Ca, REE) with a nominal low-valence Ni' state
below 7. ~ 15 K has stimulated intensive experimental and theoretical efforts to
understand the unusual properties of this novel class of superconducting materials [1,
2]. More recently, it has been demonstrated that under pressure bulk single- and
polycrystalline Ruddlesden-PoPper phases of La,;Ni,0s,:; (LNO) with n=2 (bilayer,
Ni**") and n=3 (trilayer, Ni**"") exhibit superconductivity (SC) with a high transition
temperature, comparable to that in cuprates, ~80 K (for n=2) and 20-40 K (n=3),
opening up a new route to high-7, SC [3, 4]. Here, we discuss the effects of electron
corrections, chemical doping and pressure on the normal state electronic structure,
orbital-dependent quasiparticle renormalzations, Fermi surface, and magnetic
properties of the bilayer and trilayer RP LNO [5-7]. Using ab initio band structure
and DFT+dynamical mean-field theory (DFT+DMFT) methods we show significant
orbital-dependent quasiparticle renormalizations of the Nix’—y” and 32>~ orbital
states, in agreement with experimental estimates. Our results for the k-dependent
spectral functions and Fermi surfaces reveal significant incoherence of the
Ni 327 states, implying the proximity of the Ni 3d states to orbital-dependent
localization. Our analysis of the static magnetic susceptibility evaluated within
DFT+DMEFT suggests the possible formation of the spin and charge (or bond) density
wave stripe states in LNO, implying strong spin and charge correlations. We propose
that spin and charge stripe fluctuations play an important role to tune
superconductivity in LNO under pressure. Superconductivity in LNO seems to be
associated with the suppression of spin and charge density wave stripe ordering under
pressure, which leads to a sharp increase of spin fluctuations.
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Nonlocal superconducting pairing at interfaces of hybrid structures:
new directions for engineering of the type of Cooper pairs

A.S. Mel'nikov, A.A. Kopasov, D. Annenkov
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Russia,
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Proximity phenomena and induced superconducting correlations in heterostructures are shown to be
strongly affected by the nonlocal nature of the electronic attraction. The latter can trigger the
formation of Cooper pairs consisting of electrons localized in neighboring layers even in the
absence of direct quasiparticle transfer between the layers. We investigate the manifestations of
such nonlocal pairing and resulting unconventional induced superconductivity in several exemplary
layered systems in the presence of the energy band offset. The band offset is shown to induce the
odd-frequency superconducting correlations, affect the phase diagram and the magnetic response of
the system. The model of interlayer pairing and results of calculations are discussed in the context
of possible explanation of recent experimental data on the interplay between ferroelectricity and
superconductivity in van der Waals bilayers.

The mechanism of the interlayer superconducting pairing across the interface
has been first addresses in 60s in the pioneering work by M.H. Cohen and D.H.
Douglass [1]. Later the scenario of interlayer pairing has been discussed by A.L
Larkin and K.B. Efetov [2] to explain the extremely high upper critical fields in TaS,
(pyridine) which were shown to exceed the paramagnetic limit. An important
property of such interlayer pairing is that due to the nonlocality of the Cooper pair
wave function (or more rigorously, the anomalous Green function) the Pauli principle
doesn’t impose severe restrictions on the spins of electrons in the pair which usually
hamper the formation of triplet superconducting correlations. These theoretical
considerations of the interlayer pairing have been further developed in the context of
extensive studies of superconductivity in cuprates which also can be well described
by the model of identical superconducting layers.

All the above theoretical works were devoted to the study of natural layered
compounds and, thus, assumed the coinciding electronic structure of the individual
layers. We revisit the problem of nonlocal interlayer pairing focusing on its effect on
the properties of different types of superconducting hybrid structures. The difference
between the electronic spectra in neighboring layers can produce the effect similar to
the effect of the momentum dependent exchange field on Cooper pairing. The
resulting superconducting state can reveal all the features typical for the systems with
odd-frequency superconducting correlations such as unusual phase diagram,
inhomogeneous superconducting order parameter and paramagnetic contribution to
the supercurrent. The interest to these issues is also stimulated by recent progress in
the study of superconductivity in van der Waals heterostructures which reveal the
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interplay between ferroelectric and superconducting orderings [3]. Besides combining
different materials in a hybrid structure, even for identical layers in a stack the band
structure is highly sensitive to a relative layer twist and can be also controlled by an
external electric field. Such modifications of the electronic spectrum provide the way
for electrostatic control of the superconducting state. The ferroelectric domain walls
in such structures can cause the formation of localized domain wall superconductivity
with the critical temperature exceeding the one inside the domains.

Our analysis of the interlayer pairing includes the study of unusual magnetic
response, disorder effects, phase diagrams for different band offsets, interlayer
tunneling rates and external magnetic fields. Experimental evidence for the above
nonlocal interface pairing would provide new perspectives in engineering the
unconventional superconducting correlations in  heterostructures including
topologically nontrivial superconducting states.

This work was supported by the Russian Science Foundation (Grant No. 25-12-
00042).
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Effects of mean field and fluctuations in HTSC cuprates
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We will discuss mean field and fluctuations in cuprates. Within the generalized
tight binding (GTB) approach in combination with the density function theory
(LDA+GTB) within account the strong electron correlations and electron-phonon
interaction we have calculated doping dependent electronic structure and constructed
mean field theory of superconductivity with singlet d , " pairing symmetry. This theory

correctly reproduce doping dependence 7.(x), dXLyz pairing results from both magnetic

and phonon contributions. Moreover this theory gives correct doping dependence of the
isotope effect with minimum at optimal doping. It occurs that such mean field theory does
not describe concentration dependence of the electronic structure, ARPES data and the
Fermi surface. To get agreement with experimental data we have to consider fluctuations
of the local magnetic order. We have developed cluster perturbation theory (CPT) with a
periodic covering of the lattice by square NxN clusters. Exact diagonalization of the
intracluster Hamiltonian gives us a set of the multielectron eigenstates that is used to
construct the Hubbard X-operators for the given cluster. Hopping between clusters treated
in the Hubbard I mean field type approximation.

For N=4 this approach results in the exact treatment of local correlations up to 9-th
neighbours. We have obtained the pseudogap states and its concentration dependence. To
describe dynamics of the charge and spin fluctuations we have developed cluster
perturbation theory for two-particle Green functions. We have shown that pseudogap
states are formed by fluctuations of the short range magnetic order.

This work was supported by RSF grant 24-12-00044.
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Competition of polaronic and bipolaronic effects
in the normal state of an electron-correlated system
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Polaron effects in the properties of the normal state of systems with strong
electron correlations and strong electron-phonon interactions are considered based on
a model relevant to high-temperature copper oxides superconductors. It is shown that
in the limit of strong Coulomb interaction, a competition of polaron and bipolaron
effects arises, which forms the distinctive features of the normal state of the system.

The rich phase diagram of high-temperature superconductors (HTSC) is formed
against the background of competing electron—electron and electron—
phonon interactions. Therefore, it is of particular interest to study a realistic model of
an HTSC system with simultaneously strong Coulomb and electron—lattice interactions
in a wide range of parameters of the electronic and phonon subsystems. Here, the
multiband two-dimensional pd-model is considered, extended to include
lattice contributions coming from the modulation of both the on-site energy of electrons
and their hopping parameter. Within the framework of the polaronic version of the
generalized tight-binding method [1], the evolution of the electron band structure is
determined with changes in the strength of the electron-lattice coupling and doping [2].
Using the Lang-Firsov transformation, we demonstrate that the distinctive features of the
band structure, i.e. the Fermi surface and the density of states, are directly related to the
competition of polaronic and bipolaronic transformations in the system [3]. To study the
polaronic effects in the exchange interaction process, we use the technique of projection
operators [4, 5] and obtain an analytical expression for the effective exchange parameter.
It turns out that in the limit of strong electron correlations, strong electron-phonon
interaction controls changes in the effective superexchange interaction and, as a
consequence, the evolution of the pseudogap characteristics of the system.

Support by Russian Science Foundation (RSF project No. 24-12-00044) is
acknowledged.
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0Odd frequency spin-triplet pairing in disordered electron liquid

V.A. Zyuzin, A.M. Finkel'stein

Landau Institute for Theoretical Physics

We studied a mechanism of spin-triplet odd-frequency superconducting pairing
between electrons in strongly disordered conductors [1]. We showed that mixing the
conventional superconducting fluctuations above the transition temperature or critical
magnetic field together with the spin part of repulsive Coulomb interaction results in
an effective interaction which mediates the s-wave spin-triplet odd-frequency pairing
in the particle-particle (Cooper) channel. Diffusion processes such as diffusions and
Cooperons lead to the pronounced frequency dependence of the effective interaction
required for this type of pairing. Therefore, regular spin-singlet superconducting state
in strongly disordered films may be accompanied by an intermediate phase
characterized by spin-triplet odd-frequency pairing between electrons. We showed
that the transition into this phase may occur through the first order phase transition.
Therefore, domains with different spin projections of the spin-triplet order parameter
are expected to occur. We argue that the spin-triplet odd-frequency paired phase
corresponds to the insulating state experimentally found in highly disordered films of
InO ([2] and many more) and TiN. These materials show a superconductor to
insulator transition as a function of the magnetic field when the superconductivity is
suppressed. At even higher magnetic fields a reentrance into a highly resistive
conducting state occurs. The insulating state is experimentally found to show 2e-
Little-Parks oscillations suggesting the existence of a phase coherence in it.
Our suggested picture for the description of such an exotic insulating behavior is as
follows: domains with different spin polarization of the spin-triplet odd-frequency
pairing block the supercurrent, while phase coherence still results in the 2e-Little-
Parks oscillations. Absence of a bulk supercurrent makes the system to be an
insulator (a sort of super-insulator) at low temperatures.
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Higher-order condensates in multicomponent superconductors

Vadim Grinenko

Tsung-Dao Lee Institute, Shanghai Jiao Tong University, Shanghai

The muon-spin-rotation (uSR) experiments and the observation of a
spontaneous Nernst effect indicate time-reversal symmetry breaking (BTRS) above
the superconducting transition temperature 7, in Ba;_ K Fe,As, at x ~ 0.8. Combined
theoretical and experimental studies have pointed out that this BTRS state is caused
by the formation of a new state of matter associated with the condensation of pairs of
electron pairs. In this talk, I will summarise experimental observations supporting the
appearance of a quartic metallic state and multicomponent superconductivity from
incoherent Cooper pairs in the narrow doping range. I will present new experimental
data, including spectroscopic evidence for pseudogap and ultrasound experiments
that support multicomponent superconductivity in this compound.

When fermions form pairs in a condensed matter system, new states of matter, such
as a superconductor, emerge. For more than 100 years, experimental and theoretical
research has proven that the problem of electronic pair condensates is one of the most
profound problems in physics. For example, it is attested by the large number of Nobel
prizes awarded to this topic and its generalizations in adjacent fields. The theoretical
description of superconductivity broadly relies on mean-field approximations. However,
many researchers believe that the mean-field theories are insufficient to describe high-
temperature superconductivity consistently. In this talk, I will present our recent
experimental observation of unprecedented effects in the Ba, K Fe,As, system, which
goes beyond the predictions of mean-field theories. The superconducting state of this
system at a high doping level breaks time-reversal symmetry [1, 2]. Besides
superconducting pairing, the Ba; K Fe,As,system allows the formation of an electron
quadrupling state above the superconducting critical temperature 7, [3]. At low
temperatures, this state is a new kind of superconducting state that is characterized by
multicomponent imaginary order parameters associated with electrons residing within
different bands. As a result, this state breaks U(1) gauge and Z, time-reversal
symmetries. This yields a plethora of new phenomena revising textbook concepts: the
generation of spontaneous magnetic fields [1-3], formation of superconducting
domain walls [5], Abricosov (full quants) vortex splitting to fractional flux vortices
[5-7], formation of CP,-Skyrmions [5] and the fluctuation driven fermionic
quadrupling condensate above superconducting critical temperature [3,4,8,9]. These
observations are relevant not only for condensed matter physics but also it was
proposed that similar phenomena can be found in color superconductivity of dense
quark matter [10], and very recently, a related phenomenon was demonstrated in an
optical-lattice emulator involving ultracold atoms [11]. Besides that, our observations
have a broad application perspective. For example, flux fractionalization enables
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base-N computational schemes in fluxonics, and a possible realization of universal
topological quantum computations scheme based on general principles that integer
charges bound to fractional flux in bulk superconductors are anyons [12].
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Doping Evolution of Na(Fe,Co)As Superconducting Gap Structure:
Influence of Spin Fluctuations

S.A. Kuzmichev'?, A.D. Ilina%, L.A. Nikitchenkov'?, L.V. Morozov’,
A.L Shilov?, Ye.O. Rakhmanov*?, T.E. Kuzmicheva®

' Lomonosov Moscow State University, Faculty of Physics, 119991, Moscow, Russia,
% Lebedev Physical Institute, Russian Academy of Sciences, 119991, Moscow, Russia,
3 Lomonosov Moscow State University, Department of Chemistry, 119991, Moscow, Russia

Using incoherent multiple Andreev reflection effect (IMARE) spectroscopy, in
Na(Fe,Co)As superconducting pnictides we detect an enhance of the k-space
anisotropy of the superconducting (SC) order parameter in underdoped compositions
as compared to overdoped ones. This points to a strong influence of spin fluctuations
to the SC order parameter symmetry of Na(Fe,Co)As pnictides.

Alkali-metal Na(Fe,Co)As pnictides show superconductivity even in
stoichiometric NaFeAs composition with 7.=10 K, that can be increased by electron
(Fe,Co) substitution reaching the maximum 7,22 K under optimal doping [1]. In
underdoped and stoichiometric compositions, antiferromagnetic (AFM) and nematic
phases develop above 7.. Due to the alkali metal, the NaFeAs-family pnictides
rapidly degrade in presence of even trace amounts of water vapor and oxygen, thus
strongly complicating any experimental probing of its properties.

Fig. 1: Electron doping phase diagram of Na(Fe,Co)As pnictides, and a sketched change in the
large gap angle distribution in the k-space with doping.

Single crystals of alkali metal based superconducting (SC) pnictides (the 111
family) NaFe,_,Co,As with x=0.021-0.045 and 7,~18—20 K were grown using “self-
flux” technique [2-4]. At7=4.2 K, Andreev junctions of SnS-type (S—
superconductor, n — thin normal metal) were formed using planar “break-junction’’
technique [5]. Here, we present a comprehensive study of the SC order parameter of
Na(Fe,_,Co,)As single crystals with underdoped (nominal x=0.021) and overdoped
(x=0.045) compositions using IMARE spectroscopy of SnS-junctions (direct local
probe).
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Below 7., we show a multiple-gap superconductivity and determine the
magnitudes and characteristic ratios of the SC order parameters [2-4]. Considering
the IMARE data within the classical models [6, 7], we conclude an observation of a
moderate k-space anisotropy of the large SC gap A, with nodeless extended s-wave
symmetry and isotropic small SC gap As. For the large SC gap, we directly
determined its extrema A’ and A’ being the minimum and the maximum Cooper
pair coupling energies in dependence of the momentum direction. The SC gap
anisotropy is estimated as 4, =100.

Temperature dependences of the SC order parameters A} (T), A7 (T),
and A (T) directly determined using IMARE spectroscopy are also presented.

The characteristic ratios 2A%(0)/k,T. =6 and 2A(0)/k,T. ~1.5-2.0 remain
almost unchanged along the studied range of the doping phase diagram. With it, the
ratio 2A" (0)/k,T. grows from 3.7 in underdoped compositions to 4.2 in overdoped
ones. The latter corresponds to an increase in the A, anisotropy in the vicinity of the
AFM and nematic phases, from 4, =25% in the overdoped region to ~40% in the
underdoped one with similar 7. =18 K [4]. Within the framework of theoretical
approach [8], the decrease in the inner SC gap edge (A’ ) in underdoped compositions
originates from a strengthen of spin fluctuations near the AFM phase. Our results
favor the theoretical predictions [8] and indicate a strong influence of spin

fluctuations to the SC order parameter symmetry of Na(Fe,Co)As pnictides.
The work is supported by RSF project no. 22-72-10082P.
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Dynamic spin response within the effective Hubbard model
for cuprates
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Inelastic neutron scattering data on cuprates show that their spin response doping evolution varies
from one type of compound to another. We apply cluster perturbation theory to calculate the
dynamic spin susceptibility of the effective Hubbard model for cuprates and show that by varying
its parameters we can describe qualitatively the differences in the doping dependencies of the spin
response in cuprates.

Undoped cuprates are AFM insulators, their spin dynamics correspond to the
excitation of magnons and could be described by a linear spin-wave theory. When the
delocalized holes are doped into the system, the AFM long-range order quickly
disappears, and the spectra become more complicated. Often, the lower downward
dispersing and higher upwards dispersing branches of an “hourglass” spectrum are
observed. In the underdoped pseudogap region, several types of behavior have been
found in different materials [1-3].

We apply the cluster perturbation theory to the effective Hubbard model of
cuprates, which has been previously used to investigate the one- and two-particle
properties of the Emery model [4], in order to study dependence of the dynamic spin
susceptibility on the strength of Coulomb repulsion and the values of the nearest-
neighbor hoppings. We demonstrate that by varying parameters we can produce
effects qualitatively similar to experimental features, such as the “hourglass”-like
spectrum, or transition from AFM peak to incommensurate peak structure at low
energies, as well as four-peak structure rotation with the increasing energy.

This work was supported by RSF grant 24-12-00044.
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The electronic mechanism for charge carrier pairing
in real space in HTSC oxides based on BaBiO;

A.P. Menushenkov

National Research Nuclear University MEPhI

Based on the analysis of the results of the experiment on the study of the time dependence of
changes in the local electronic structure of BaBiOs, conducted by us on an X-ray free-electron laser
with femtosecond excitation through an optical gape, the substantiation for the electronic nature of
the charge carriers pairing in real space, in contrast to the phonon (bipolaron) mechanism, is
presented. The causes of the negative Anderson’s potential U’ are explained. It is shown that the
electronic mechanism is primarily due to the local nature of the pairing of electrons and holes on
neighboring octahedral complexes in the perovskite lattice, leading to Coulomb attraction between
complexes filled with electron and hole pairs.

Fig. 1. The mechanism of transformation of the metastable single-particle state of the hypothetical
compound BaBi*'O; into the two-particle ground state of BaBiOs.

Recently, by conducting an experiment on X-ray absorption spectroscopy with
time (femtosecond) resolution on an X-ray free-electron laser, we obtained direct
evidence of the existence of a paired state of local charge carriers in real space in the
parent compound BaBiOj; of the family of high-temperature superconductors (HTSC)
(bismuthates) having a perovskite-like structure similar to the structure of cuprate
HTSCs [1].

The analysis of the dynamics of the change in the state of the local electronic
structure of BaBiO; after excitation by a resonant laser pulse through an optical gap,
carried out in [2], made it possible to explain the mechanism of disproportionation of
the Bi6s—O2pc*-bond, realized exclusively due to the local pairing of electrons and
holes on neighboring octahedral complexes (Fig. 1). As a result, a conclusion was
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made about the possibility of an electronic rather than a phonon (bipolaron)
mechanism of pairing of charge carriers in bismuthates [2]. The main arguments
against implementing the phonon mechanism are the high binding energy of 1.5 eV
and the very short pairing time, not exceeding 240 fs, unattainable for the phonon
subsystem. In this report, we present additional arguments in favor of the electronic
mechanism for charge carrier pairing.

We consider in more detail the two stages of the transition from the single-
particle metastable state of the hypothetical compound BaBi*'O;with a cubic
structure, corresponding to the excited state of the system at the end of the first
picosecond after excitation, to the ground two-particle state of BaBiO; with a
monoclinically distorted structure and show that the pairing process is described only
in the frame of electron-electron interaction.

We discuss the reason for the appearance of the negative Anderson’s potential
U’ in bismuthates as a consequence of the emergence of Coulomb attraction between
octahedral complexes carrying electron and hole pairs during local pairing of
electrons and holes on neighboring octahedra in the perovskite lattice [3].

We show that the Coulomb barrier, which an electron (hole) overcomes at the
first stage when moving to a neighboring octahedron, is determined by the lattice
deformation energy 2FE, from a cubic to a monoclinic-distorted structure. However,
the attraction effect U” between neighboring octahedral complexes with local pairs of
electrons and holes, which occurs at the second stage of pairing, leads to a decrease in
the energy of the system by the value of the optical gap E; = E, + 2E,, compensates
for the energy costs of the first stage and creates the binding energy E;, between local
pairs of electrons and holes. Thus, we observe the manifestation of Anderson’s
concept of the negative potential U, caused by the electronic mechanism of pairing
of charge carriers, the possibility of the implementation of which in bismuthates was
predicted earlier in [4, 5].
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Superconductivity in Jahn-Teller magnets

Alexander Moskvin
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The search for new oxide superconductors undertaken by Bednorz and Muller
was based on the 1idea of «creating conducting oxides containing
Jahn-Teller (JT) ions which are characterized by strong electron-lattice coupling with
the formation of polarons whose BCS type pairing or BEC of bipolarons can lead to
high-temperature superconductivity (HTSC). This idea is not considered today
among the leading mechanisms of HTSC, nevertheless, almost all HTSC or similar
exotic superconducting materials known today are JT magnets based on 3d- or 4d-
ions (cuprates La,CuOQy,, nickelates like RNiO, and La;Ni, O,
ferropnictides/chalcogenides, Sr,RuOy4, RuQ,). In contrast to the idea of Bednorz and
Muller, I argue the superconducting prospects of JT magnets are not due to the JT
effect, but to their inherent instability with respect to so-called anti-JT-
disproportionation.

Jahn-Teller (JT) magnets are compounds based on Jahn-Teller 3d- or 4d-ions

n

with configurations of the #; e’ type in a highly symmetrical octahedral, cubic, or

tetrahedral environment and with ground state orbital E,-doublet [1]. These
compounds are based on tetra-complexes with the configuration d' (Ti**, V*"), low-
spin (LS) configuration & (V**, Cr’", Mn*"), and high-spin (HS) configuration d°
(Fe**, Co®"), octa-complexes with HS-configuration &' (Cr*", Mn®", Fe*', Ru*"), low-
spin configuration d’ (Co*", Ni**, Pd*"), as well as octa-complexes with configuration
& (Cu™,Ni'", Ag™).

The class of JT magnets includes a large number of promising materials such
as manganites RMnOs, ferrates (Ca,Sr)FeOs;, ruthenates RuO,, (Ca,Sr)RuOs,
(Ca,Sr),Ru0,, a wide range of ferropnictides (FePn) and ferrochalcogenides (FeCh),
3D nickelates RNiO; and R3;Ni,O;, 3D-cuprate KCuF;, 2D cuprates (La,CuQOy, ...)
and nickelates RNiO,, silver-based compounds (AgO, AgF,) with a rich spectrum of
unique properties from various types of magnetic and charge ordering to metal-
insulator transitions and superconductivity which are the focus of modern condensed
matter physics.

All JT configurations of d-ions include one eg-electron or one e,-hole over
stable, fully or half-filled shells [2]. In this sense, they are similar to the
configurations of the numerous family of ions with one ns-electron over filled shells,
such as the 6s-electron in Hg', TI*, Pb*, Bi*". These ionic configurations are
unstable with respect to the disproportionation reaction. Thus, in BaBiOs, instead of
the nominal valence 4+, bismuth prefers the stable valence states Bi*" and Bi’" with
fully filled shells. However, unlike ions with ns-electrons, for JT ions we deal with
orbital degeneracy for e,-electrons/holes, hence the possibility of competition
between the Jahn-Teller effect leading to orbital ordering, and the anti-JT

38



Fundamentals of high temperature superconductivity (mechanisms, pairing symmetry, etc)

disproportionation effect, leading to the formation of a system of S-type electron and
hole centers with an orbitally nondegenerate ground state [1, 2], equivalent to a
system of effective composite spin-singlet or spin-triplet bosons in a nonmagnetic or
magnetic lattice with clear prospects to form a superconducting phase. This
mechanism indicated an unconventional bosonic spin-triplet superconductivity in
ruthenates, ferropnictides and ferrochalcogenides. Over the past years, new results
have been obtained in the study of JT magnets based on both 3d- and 4d-ions, as well
as new arguments both for and against spin-triplet superconductivity.

The disproportionation scenario of superconductivity was addressed earlier by
many authors, however, by now it was not properly developed theoretically, and
perhaps that is why it has not yet been a worthy competitor to the traditional BCS
approach.

In my talk I would like to revive interest in superconductivity of JT magnets by
presenting the anti-JT-disproportionation scenario for superconductivity in a wide
class of JT magnets, including cuprates, FePn/Ch-systems, different nickelates,
ruthenates, silver compounds, and show that all of them can be described within an
unified approach.

The research was supported by the Ministry of Education and Science of the
Russian Federation, project No. FEUZ-2023-0017.
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Optical Studies of K0,8F81'7(Seo'73S0,27)2 Single Crystals

A.V. Muratov', E.O. Rakhmanov™', A.L Shilov',
ILV. Morozovz, Yu.A. Aleshchenko'
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The optical properties of K sFe, (Se,;:S,.), superconducting single crystals with 7, = 26 K have
been studied in the broad frequency range by IR Fourier-transform spectroscopy and spectroscopic
ellipsometry at the temperatures of 4-300 K. The real part of conductivity o1 was obtained by the
Kramers-Kronig transformation of R(w). The Drude-Lorentz model was applied to describe the
conductivity spectra at low temperatures and the model parameters (plasma frequencies, scattering
rates and oscillator strengths) were obtained.

Many experiments with isovalent substitution of S for Se revealed a coexistence of
superconductivity with a strong AFM order in AFe, ,Se, (A = K, Rb, Cs, Tl) iron-
selenide superconductors. It was found that the superconducting (SC) phase in these
materials evolves from an insulating phase rather than an SDW metal as in the case of Fe
pnictides. Actually, A,Fe, ,Se, is an inhomogeneous, phase separated material consisting
of the insulating A,Fe,;Ses (245) phase and the SC AFe,Se, (122) one typically grown in
the boundaries of the 245 crystallites. The critical temperature 7. of the superconductors of
KFe,Se, family reaches up to 32-33 K and gradually decreases with isovalent substitution
of S for Se.

Fig. 1. The reflectance spectra of single crystals at various temperatures.

We have studied for the first time the optical properties of Ko gFe; ,(Sep73S027): single
crystals with 7.~ 26 K grown using self-flux technique [1]. The composition of the crystals
was confirmed by EDX spectroscopy. Infrared spectra at near normal incidence were taken
from the ab plane of single crystals using the IFS 125HR (Bruker) Fourier-transform
spectrometer in the frequency range of 25-10000 cm ' at temperatures of 4-300 K. An in
situ aluminum overcoating technique was used to obtain the reflectance R(w). The variable-
angle spectroscopic ellipsometry (VASE, Woollam) was carried out in the range from 4000
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to 30000 cm . The real part of conductivity oy was obtained by the Kramers-Kronig
transformation of R(w).

The reflectance spectra of KqgFe; 7(Se73S¢27), are shown in Fig. 1. The overall
reflectance is rather low, which is characteristic of insulator. It is dominated by
infrared-active phonons and interband features at higher energies. The low-frequency
reflectance initially displays small temperature dependence but begins to increase
below 200 K, with an abrupt increase close to 7. In contrast to [2] the phonon mode
at212 cm' does not exhibit a Fano-like shape.

It should be noted that at room temperature there are no coherent (Drude)
contribution to the optical conductivity o; of KggFe;7(Seq735027).. As temperature
decreases, the Drude contribution arises. In this case, the Drude-Lorentz model is
applicable. The calculated conductivity o, at 30 K is shown in Fig. 2 together with its
constituent contributions. In addition to the phonon modes, there are a number of
broad interband transitions at 1000, 4400, 5900, 6500, 12785 u 35000 c¢m . These
transitions were observed previously in iron selenides [2-5] and were ascribed to
spin-controlled interband transitions.

Fig. 2. (a) The real part of the optical conductivity of Ko sFe; 7(Seo.73S0.27)2 at 30 K; (b) The real part
of the optical conductivity in the low-frequency region of Ko sFe; 7(Sep73S0.27)2 single crystals at 30
and 5 K.

An example of the calculated conductivity in the low-frequency region at 30
and 5 K is shown in Fig. 2b. The dash-dotted lines depict Drude contributions. The
Lorentz contributions are shown in gray. The model parameters (plasma frequencies,
scattering rates and oscillator strengths) were obtained. For the Drude contribution at
30 K the optical conductivity, scattering rate, and plasma frequency are o= 47
Q'em™, y=64cm™, and Wy =425 cm ', respectively.

As temperature decreases from 30 to 5 K, the conductivity decreases signaling
the opening of the SC gap. According to our estimate, the SC phase constitutes not
more than 25% of the sample volume. The work is supported by RSF project no. 22-
72-10082P.
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Systems with strong long-range electron-phonon coupling

and cuprates-like dispersion: single nature of pseudogap,

charge ordering and superconducting phases and other peculiarities
of two-liquid system of charge carriers

A.E. Myasnikova, R.R. Arutyunyan, S.V. Doronkina*,
A.H. Dzhantemirov, D.D. Vasilenko, A.S. Fukalov

Southern Federal University, Zorge str. 5, 344090 Rostov-on-Don, Russia,
*Rostov State Medical University, Nakhichevansky Lane 29, 344022 Rostov-on-Don, Russia

We show that ground and low-excited states of systems with strong long-range electron-phonon
coupling and cuprates-like dispersion are two-liquid systems of charge carriers comprising Bose
liquid of large bipolarons and Fermi liquid of delocalized carriers. We calculate observable
properties of such systems: phase diagram, temperature of the superconducting transition in systems
with different number of conducting planes in the unit cell, charge ordering wave vector, density of
the superconducting component, spectra of resonance elastic X-ray scattering and angle-resolved
photoemission spectroscopy, Hall and Seebeck coefficients. They agree with the properties of
superconducting cuprates.

We develop two methods to obtain free energy of the two-liquid system of
charge carriers emerging at their strong coupling with phonons and cuprates-like
dispersion. The first method uses distribution function in systems where autolocalized
and delocalized carriers can coexist [1]. The second method is like BCS approach
with variationally determined distribution functions for autolocalized and delocalized
carriers. Binding energy of the bipolaron as a function of its radius is obtained with
the variation over the parameters of trial wave function except the bipolaron radius
which is fixed; the coherent states representation is used for the state of the phonon
field [2]. Variation of the free energy over the bipolaron size determines the
equilibrium bipolaron size (or two sizes if an inhomogeneous system is more
profitable energetically). Comparison of the obtained free energy with the free energy
of pure Fermi liquid of delocalized carriers determines the region on the phase
diagram doping-temperature where the bipolaron liquid is present. This region
coincides with the region of presence of the pseudogap resulting from the impact of
the potential of bipolarons on the stationary states of delocalized carriers [3].

The equilibrium bipolaron size determines the charge ordering wave vector;
small coherence length of the charge ordering corresponds to local order in the
bipolaron liquid. The momentum-space structure of the two-liquid system of charge
carriers is also characterized by the momentum which is determined by the bipolaron
size through the uncertainty relation and divides the momentum space into two parts,
in one of which delocalized carriers are forbidden in presence of autolocalized ones.
This momentum is visualized by the angle-resolved photoemission spectroscopy
(ARPES) spectra as the “waterfall” wave vector; the “waterfall” results from different

43



Fundamentals of high temperature superconductivity (mechanisms, pairing symmetry, etc)

energetic cost of the system relaxation after photoemission from the described
different parts of the momentum space [4]. Calculated manifestation of the bipolaron
liquid in the spectra of resonance elastic X-ray scattering (REXS) [2] and ARPES [4]
agrees with the features observed in cuprates including the values of the charge
ordering and “waterfall” wave vectors.

Both methods developed yield the same phase diagram in coordinates doping-
temperature with presence of pseudogap, charge ordering and superconductivity in
the same regions of the phase diagram as in cuprates [1]. Thus, we show that there
exists a class of systems where pseudogap, charge ordering and superconductivity
have single nature as was supposed earlier on the base of similar phase diagram in
different cuprates [5]. Expression for the temperature of the superconducting
transition obtained in the standard Bose liquid approach demonstrates its increase
with the number of conducting planes in the unit cell until it exceeds three [1] as it
takes place in cuprates. The density of the superfluid component of the bipolaron
liquid decreases linearly with the doping at the overdoping [1] as in cuprates [6].
Calculated density of carriers in autolocalized and delocalized states is used to obtain
Hall and Seebeck coefficients as functions of doping and temperature. The calculated
charge ordering period and variety of its doping dependences for different system
characteristics agree with those observed in cuprates. In the frames of BCS-like
approach we reveal that two-liquid system of charge carriers at some doping and
medium parameters demonstrates inhomogeneity, namely, coexistence of regions
with and without charge ordering like one observed recently in cuprates [7] or regions
with two different wave vectors of the charge ordering.
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Laser ARPES on Pairing Symmetry and High-T, Origin
in High Temperature Superconductors

Xingjiang Zhou

Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Using laser ARPES to study high temperature superconductors, we gained new
insights on pairing symmetry and superconductivity mechanism of these
superconductors.

We will report our recent progress in studying high temperature
superconductors by laser-based angle-resolved photoemission spectroscopy
(ARPES). A new approach is developed to make ARPES able to measure not only
the superconducting gap size but also the gap sign [1]. The pairing symmetry is
determined to be of the nodal s+-(G-M) form in the iron-based superconductor
KFe,As, which has only hole pockets [2]. Ubiquitous coexisting electron coupling
with 70 meV and 40 meV modes is observed in cuprate superconductors [3]. The
electronic origin of high-T, maximization in trilayer cuprate superconductors is
revealed [4]. We found orbital-dependent electron correlations in La;Ni,O; [5]. These
results provide key insights in understanding superconductivity mechanism and also
pave a way to further enhance T, in these high temperature superconductors.
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Posters

Electron-phonon interaction with forward scattering
in FeSe monolayers on SrTiO;

R. Babaian, E.Z. Kuchinskii

Institute of Electrophysics of the Ural Branch of the Russian Academy of Sciences

We present an exactly solvable model of forward electron scattering in a monolayer of FeSe on
high-energy optical phonons of an SrTiOj; substrate and perform its numerical analysis.

We present an exactly solvable model of electron-phonon interaction with
forward electron scattering, which allows for the full summation of perturbative
diagrams for the single-particle Green’s function using the Ward identity.

We apply the model to the FeSe/SrTiOs system, where, according to several
studies, the enhancement of the superconducting transition temperature relative to
bulk FeSe may be driven by the coupling between FeSe electrons and high-energy
optical phonons in the SrTiOs substrate.

We perform numerical calculations and compare our exact solution with the
self-consistent Born approximation, which is commonly used in existing studies.

This work was supported by Russian Science Foundation (RSF) [grant number
25-12-00418].
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SnS-andreev spectroscopy of superconducting polycrystalline
pnictide with underdoped composition BaFe, ,Ni,As, at x=0.07

A.D. Ilina', I.A. Nikitchenkov'?, S.A. Kuzmichev*', K.S. Pervakov',
V_.A. Vlasenko', A.S. Medvedev', T.E. Kuzmicheva'
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The message is dedicated to the study of the superconducting gap structure of a polycrystalline
pnictide BaFe, ,Ni,,As,, grown by a new method. Using the spectroscopy of incoherent multiple
Andreev reflection effect, two microscopic superconducting order parameters were directly
determined — a small superconducting gap and a large gap, which is presumably anisotropic in k-
space, along with their characteristic ratios and temperature dependencies. The temperature
dependencies of the gaps were calculated within the two-gap model of the Moskalenko and Suhl
theory. A resonant interaction between the superconducting subsystem and a characteristic bosonic
mode was discovered, and its energy was determined at temperatures much lower than T..

The studied polycrystalline samples with nominal composition
BaFe, o3Nip;As, grown by a new method belong to the family of iron-based
superconductors (SC) known as Ba-122. The transition to the SC-state occurs at a
maximum critical temperature 7, = 20 K for x = 0.1 on the phase diagram [1].

The aim of the work was to determine the magnitudes of the SC gaps and their
temperature dependencies and 7. =~ 17-18 K using the spectroscopy of incoherent
multiple Andreev reflection effect IMARE). We also aimed to study the temperature
dependence of a reproducible feature at bias voltages el > 2A,, presumably related to
an interaction with spin exciton.

The contacts of SnS-type (SC—normal metal-SC) were formed at 7 = 4.2 K
using the “break-junction” technique [2]. As a result of the study, we analyzed
Andreev features observed in the (V) and dI(V)/dV characteristics at T = 4.2 K, as
well as their temperature evolution up to 7.. At 7 = 4.2 K, we found evidence of
IMARE as predicted by theoretical models [3, 4].

For the isotropic small SC gap, we obtained the characteristic ratio 2As(0)/kpT.
~ 2. We identified the extrema of a presumably anisotropic large SC gap (minimum
and maximum values of the Cooper pair binding energy in the k-space in the given
bands [5]) with corresponding characteristic ratios of 2A”(0)/k, 7. ~4 and
2N (0)/k,T. ~5.5. These results are consistent with previously obtained data for
BaFe, (Ni,As, single crystals with x = 0.08 and similar close 7, = 18.3 K [6]. The
obtained temperature dependencies A’ (T), A% (T), and Ag(T) are shown in Fig. 1.

Assuming anisotropy of the larger SC gap, the temperature dependences of the order
parameters were approximated using functions calculated within the framework of
the two-band theoretical model by Moskalenko and Suhl [7,8], where the effective
amplitude of the larger gap is taken as the average: A” = (A% +A”)/2.
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Fig. 1. The obtained temperature dependencies A™(T), AL*“(T), and Ag(T) (rounds) were
approximated using functions calculated within the framework of the two-band theoretical model by
Moskalenko and Suhl (solid lines) [7, 8], where the effective amplitude of the larger gap is taken as
the average: AL = (AL + AL™)/2 (vertical strokes). Inserted graph shows anisotropy of the larger
SC gap Ap= 100% [1-A "/AL*"] = 30 £ 5 %.

In addition to the gap-related features, below 7. we also observed a fine
structure in the dynamic conductance spectra at |elV] = [2A + E,)/n, possibly
associated with boson emission during IMARE or electron density of states
renormalization on the coupling with a bosonic mode. For the first time in
underdoped BaFe, Ni As,, the boson energy E,.(0) =~ 4.3 meV and its temperature
dependence were determined. As the temperature increased, E,.(7) decreased
slightly, not resemble the A(7) dependence, but showing the behavior similar to the
spin-resonance peak energy in iron-based SCs [9].
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The role of spin-orbit coupling in the formation of the Fermi surface
in multiorbital models of iron pnictides

D.A. Ivanov, M.M. Korshunov

Kirensky Institute of Physics, Federal Research Center KSC SB RAS, 660036 Krasnoyarsk, Russia,
Siberian Federal University, 660041 Krasnoyarsk, Russia

Here we study the role of spin-orbit coupling in the formation of the Fermi surface topology in
three-, five-, and ten-orbital models of iron pnictides in the Brillouin zone, corresponding to two
iron atoms per unit cell.

Here we study the role of spin-orbit coupling in the formation of the Fermi
surface topology in three-, five-, and ten-orbital models of iron pnictides in the
Brillouin zone, corresponding to two iron atoms per unit cell [1-5]. Several variants
of spin-orbit coupling were considered in the three-orbital model. In the first of them,
only the z component of the spin-orbit coupling is used [6], while in the second, all its
components are taken into account at once. The model introduces constants of the
spin-orbit coupling on one iron ion (A) and between two iron ions (1’) in a unit cell
that includes two iron atoms. The spin-orbit coupling constant shows how strong the
interaction is between the spin of a particle and its orbital motion.

Without taking into account the spin-orbit coupling, the Fermi-contours near
the (m, 0) and (0, m) points of the Brillouin zone intersect along the directions k, and
ky. Once the spin-orbit coupling is finite, the intersections disappear so the contours
of the Fermi surface sheets near the points (7, 0) and (0, ™) become open instead of
closed. Thus, in the three-orbital model, in both cases, the z-component and all
components, considering the finite spin-orbit coupling between two iron ions the
interatomic spin-orbit coupling leads to a topological transition of the Fermi surface.

In the five-orbital model, when considering only the intraionic part of the spin-
orbit coupling (A = 100 MeV, A’ = 0), there is a slight change in the volume of the
central contour around the I'-point, as well as the appearance of additional contours
around M and symmetrical points on the Fermi surface. When considering only the
interionic part of the spin-orbit coupling (A = 0, A’ = 100 MeV), the topology of the
contours of the Fermi surface around the point M and the points symmetrical to it is
changed as follows: instead of coinciding contours of the Fermi surface in the X — M
direction, we get four separate contours. Taking into account both components of the
spin-orbit coupling (A = A° = 100 MeV) leads to the Fermi surface, which is a
combined version of the two previous cases, and therefore there is a change in the
shape of the contours around the I'-point and the appearance of additional contours
around the M-point and points symmetrical to it on the Fermi surface. Thus, in the
case of the five-orbit model, it is the interionic contribution of the spin-orbit coupling
that leads to changes in the topology of the Fermi surface.
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In Figure, the Fermi surface in the case of a ten-orbital model is shown for the
case when only the intra-ionic part of the spin-orbit coupling with the constant A is
finite.

Figure 1. Fermi surface in the ten-orbital model in the Brillouin zone, corresponding to two iron
atoms per unit cell, in the presence of spin-orbit coupling: a) A =0, p=-0.0126 eV;
b) A =100 meV, n=0.0057 eV.

Evidently, the change in the topology of the Fermi surface near the M-point
appears even if there is only an intra-ion spin-orbit coupling. This is a significant
difference from the results for the three- and five-orbit models, where a similar effect
occurs only in the presence of effective inter-ionic spin-orbit coupling.
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Hole localization in Nd-substituted La,.,.,Nd,Sr,CuO,
superconducting crystals in the strange metal phase
in the presence of AF spin stripes

N.N. Kovaleva', A.V. Muratov', S.Yu. Gavrilkin', Yu.A. Aleshchenko',
A. Maljuk®, B. Biichner”

'P.N. Lebedev Physical Institute RAS, Moscow, Russia,
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Large single crystals of La, g1.xNdxSrp 19CuO4 with x=0.3 and 0.4 were grown by a travelling solvent
floating zone (TSFZ) technique. The superconducting temperature is notably suppressed in Nd-
substituted La; 51Ndg 3Srg19CuOy4 (7.=21.7 K) and La, 4;Ndg 4Sro19CuO4 (7.=14.6 K) compared to
Nd-free LSCO. The ab-plane IR near-normal reflectance spectra were measured for the grown
LNSCO single crystals in the 30-9000 cm™ spectral range at temperatures 4.2-300 K. The optical
conductivity shows temperature and frequency dependencies characteristic for disordered metals
without a gap for charge excitations. The measured dc resistivity exhibits a weak upturn with
lowering temperature below 7%, indicating the enhanced localization of charge carriers, followed by
the resistivity drop into the superconducting state. The observed concomitant decrease of the low-
frequency optical SW suggests a strong localization of the charge carriers in the CuO, planes in the
presence of AF spin stripes.

Partial Nd-substitution in La, ».,Nd,SryCuO4 (LNSCO) single crystals results in
a structural phase transition from the low-7 orthorhombic (LTO) to the low-
T tetragonal (LTT) phase at 7% =~ 70 K [1]. It is suggested that the LTT phase favors
hole localization along the Cu-O bond direction, forming charge stripes and
antiferromagnetic (AF) spin ordering slightly below 7* [2]. The relevance of similar
stripe structures with AF spin domains, or their fluctuations, in other high-7, cuprates
is considered to be a general key property which sustains a superconducting state.
From this point, the nature of superconductivity in LNSCO coexisting with the static
spin/charge stripe order represents a fundamental challenge.
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Large single crystals of La;g;.\Nd,Sry ;9CuO,4 with x=0.3 and 0.4 were grown
by a travelling solvent floating zone (TSFZ) technique, as illustrated by Fig. 1 [2].
The compositional homogeneity of the crystals was characterized by x-ray
diffraction, polarized microscopy, magnetic, and transport measurements. The
superconducting  temperature is notably suppressed in  Nd-substituted
La1'51Nd0‘3Sr0.19CuO4 (TC:217 K) and La1<41Nd0'4Sr0.19CuO4 (TC:146 K) (see Flg 2)
compared to Nd-free LSCO with 7.=38 K.

The ab-plane IR near-normal reflectance spectra were measured for the grown
LNSCO single crystals in the 30-9000 cm™ spectral range at temperatures 4.2-300 K,
using a Bruker IFS-125HR FTIR spectrometer. In addition, spectroscopic
ellipsometry measurements were carried out in the 4000-52000 cm™ spectral range
using a J.LA. Woollam VASE apparatus. The optical conductivity shows temperature
and frequency dependencies characteristic for disordered metals without a gap for
charge excitations. The measured dc resistivity exhibits a weak upturn with lowering
temperature below 7%, indicating the enhanced localization of charge carriers,
followed by the resistivity drop into the superconducting state. The observed
concomitant decrease of the low-frequency optical SW suggests a strong localization
of the charge carriers in the CuO, planes. By analogy with localization effects
induced by static disorder in “bad” metals [3], we propose that hole localization in
Nd-substituted LNSCO crystals leads to the strange metal behavior caused by the
kinetic energy decrease of charge carriers, controlled by the RKKY-type interaction
in the presence of AF spin stripes.
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Simulation of the NbN film heating process by a current pulse

N.D. Kuzmichev, E.V. Danilova, M.A. Vasyutin, D.A. Shilkin
Ogarev Mordovian State University, Saransk, 430005, Russia

Numerical simulation of heating of a niobium nitride film by a current pulse at low temperatures in
its longitudinal section based on a two-dimensional equation of thermal conductivity is performed.

When examining the volt-ampere characteristic film, it is necessary to ensure a
good heat sink. This problem is often solved by using pressure contacts made of
beryllium bronze and a copper base (thermostat), as well as passing a current pulse
through the film. The high heat absorption by the contacts and the thermostat is due
to an increase in the thermal conductivity of copper by more than an order of
magnitude at temperatures from 5 to 50 K [1, 2]. The NbN sample (film) was
examined, which has a length of Ly =9 mm, a width of w =5 mm and a thickness of
d = 400 nm. Experimentally measuring the maximum heating temperature of a film
during the passage time of a current pulse is difficult and expensive. Therefore, it is
easier to perform numerical simulation of the heating process. Numerical modeling
was performed in the integrated Microsoft Visual Studio environment. A program
was written in C++ that solves a two-dimensional equation of thermal conductivity.
The equation is:

T /ot=a*(0°T /x> +O°T /ov*) + f(x,¥,2), (1)

where a® =4.3-107 cm®/s is the thermal conductivity coefficient of the film at 20 K, T
is the film temperature, ¢ is time, x and y are coordinates (Fig. 1), the value of f{x,y,f)
= Py, t)/(cnon Pron)s P(x,y,t) is the volumetric power density of the heat source
(films), cnon = 17 J/(kg-K) is the specific heat capacity of the film at 7= 14 K, pxpn =
8400 kg/m’ is the film density [1]. The current increases linearly over time #, from 0
to Imax. The value of P(x,y,f) is determined by the Joule-Lenz law and does not
depend on coordinates:
P(x,y,t)=pjlt*, x<d, t<t,;0,x>d,t > 1,.

Here, p = 440 pQ-cm is the resistivity of the film in the normal state, jo = I,./(dWt),
to=0.25 ms, I,.x = 1.12 A. The NbN film is in a resistive state at 7= 14 K. At the left
end, we set a problem of the third kind, since the left boundary of the film through
contacts is in heat exchange with the medium according to Newton’s law, with a
temperature of 14 K (Fig. 1): 0T (0, y,2)/ox = H(y)[T(0, y,t)—14].

The heat transfer coefficient A depends on y, i.e. H= H(y):

H(y)=H,3a+3b<y<3a+4b=L;

0,2a+3b<y<3a+3b;H ,2a+2b<y<2a+3b;0,a+2b<y<2a+2b;
H,a+b<y<a+2b;0,b<y<a+b; H,y<b.
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Here a is the width of the contact area, b is the width of the contact. In the contact
area H = 0, in the contact area H = Hy= 50 um . The right boundary condition (the
right boundary of the substrate) has the form: T (L,, y, t) = To= 14 K, here L, is the
thickness of the substrate together with the film. The upper and lower boundary
conditions will be written as 07 (x,0,¢)/0x =0T (x,L,,t)/0x=0.

This corresponds to the absence of heat exchange. As a result, the initial
boundary conditions for equation (1) have the form:
T(x,,0)=0;0T(0,y,0)/ ox = H(Y)[T (0, y,0) = T;;

T(L,,y,t)=T,; 8T(x,0,)/ 8y = 0; OT(x, L, z,£)/ 3y = 0. @)

To approximate the differential equation (1) by finite-difference relations, we
introduce a space-time grid with coordinates: x;=(i-1)-hy, yi=(j-1)-hy, t,=n-t. Here h,,
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hy are the grid steps in X, y coordinates, respectively, t is the time step; i =1, 2, ...,
Ny, j=1, 2, ..., Ny, n =0, 1, 2..., K. Here Ny = 91, Ny = 401. The number K varied
depending on depends on the magnitude of the step t (50 ps, 100 ps) and the final
moment of time. A local one-dimensional scheme of A.A. Samarsky [3] was used for
the solution, which is absolutely stable. The calculation results are shown in Fig. 2.
Figure 2 shows the temperature distribution inside the cross-section of the film at a
time of 250 ps after the start of the pulse. The pulse increases linearly for 250 ps. From the
results shown in Figure 2, it can be seen that the maximum heating temperature is inside
the film and its highest value is reached at the end of the pulse. After the pulse is stopped
at the 3rd ms, the film cools significantly to 14.03 K. It can be seen from Fig. 2 of the
results that the maximum heating temperature of the film increases slightly by ~ 0.8 K.
The change in the maximum temperature inside the niobium nitride film during
20 ms. It can be seen from the graph that the temperature reaches its maximum, as
expected, at the moment when the pulse is completed, namely 14.8 K at 250 ps. In
the contact area, the heating is 0.2 lower than in the non-contact area.
The boundary condition at x = d was not taken into account, since the thermal
conductivity coefficients of the film and the substrate are close in value (a* ~ 107 cm’/s).
The calculation of the contact temperature jumps for the thermal resistance of
the Kapitsa Rx ~ 10 m’K/W at a heat flux density ¢ =~ 5-107 W/m® [4] leads to a
value of several hundredths of a Kelvin. This is an order of magnitude less than the
resulting temperature increase, which confirms the validity of the right boundary
condition.
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Superconducting state of iron pnictides in a ten-Orbital model
with a realistic Fermi surface

E.A. Larionov, M.M. Korshunov

Kirensky Institute of Physics, Federal Research Center KSC SB RAS, 660036 Krasnoyarsk, Russia,
Federal Research Center «Krasnoyarsk Science Center SB RASy, Siberian Federal University

Reveal how the presence of additional Fermi pockets observed experimentally affects the
superconducting state.

Interest in high-temperature superconductivity in iron-based compounds is
driven both by the practical applications of these materials and by unresolved
theoretical challenges in modeling such systems. One key issue is the discrepancy
between density functional theory (DFT) calculations and experimental observations
in hole-doped iron compounds: DFT fails to predict additional Fermi contours that
are clearly present in experiments (see Fig. 1). This study analyzes the influence of
these extra Fermi surface elements on the symmetry of the superconducting state.
Calculations were performed using a realistic 10-orbital model derived from Ref. [1],
with parameters adjusted to reproduce the experimentally observed Fermi surface
from Ref. [2]. The spin susceptibility y(q, ®) was computed as a spin correlation
function within the random phase approximation (RPA), incorporating multiorbital
on-site Coulomb interactions. The interaction parameters included: Intraorbital (U)
and interorbital (U’) Hubbard repulsion, Hund’s coupling (J), Interorbital pair
hopping (J°) [3]. The Cooper vertex was calculated, and the superconducting gap
equation was solved. The role of the additional Fermi contours in shaping both the
susceptibility and the superconducting state is discussed.

Figure 1. Fermi surface of a hole-doped iron-based compound. Additional Fermi contours are
highlighted in red.
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Physical nature of the pseudogap phase and anomalous transfer
of spectral weight in underdoped cuprates

K. Mitsen, O. Ivanenko

P.N. Lebedev Physical Institute

It is shown that many anomalies observed in underdoped cuprates, including
anomalous spectral weight transfer and a large pseudogap, appear to have a common
nature due to both the cluster structure of the underdoped phase and the specific
mechanism of superconducting pairing. The combined action of these factors leads to
the fact that at a temperature 7 lying in a certain temperature range T..

In this work, we have shown that a number of unusual properties distinguishing
underdoped cuprates from conventional superconductors appear to be of a common
nature and result from the cluster structure of the underdoped phase and the specific
mechanism of superconducting pairing in cuprates. This pairing mechanism is
assumed to be mediated by the virtual scattering of electrons into unoccupied
localized pair states formed on pairs of neighboring Cu cations under doping and is
reminiscent of the Little-Ginsburg mechanism.

The cluster structure of the underdoped phase in combination with the special
mechanism of superconductivity of cuprates leads to the fact that in a certain
temperature range 7,<7<T* finite isolated clusters can exist in both superconducting
and normal states, switching between these states randomly due to fluctuations of pair
states occupation with electrons.

In this case, we can consider that below T, the cluster is almost always in a
superconducting state, and above 7* — in a normal state, and the interval 7,.<7<T* can
be identified with the region of existence of the so-called pseudogap phase. The
temperatures 7. and 7* for YBa,Cu;04.4 were calculated depending on the doping
level. The calculation results are in good agreement with experiment without any
fitting parameters.

In the same temperature range, the contribution to optical conductivity from a
sequence of randomly arising superfluid density pulses from each cluster can be
represented as a random process with a correlation time t.,~10" sec, which
corresponds to the effective spectrum width Aw,,~1 eV and explains the apparent

SW transfer from the high-frequency region.

In the vicinity of 7, fluctuation induced s-n switching of finite clusters are
apparently the cause of another group of phenomena: the anomalous Nernst effect,
giant diamagnetism (above 7,) and reversibility of magnetization curves (below 7).

Thus, the approach under consideration allows us to explain many anomalous
properties of underdoped cuprates. This fact can be considered as an indirect
confirmation of the validity of the proposed model of HTSC cuprates.
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Superconductivity of the materials undergoing
anharmonicity sign inversion

Zh.Kh. Murlieva, D.K. Palchaev, S.Kh. Gadzhimagomedov

Dagestan State University, Makhachkala, Russia; e-mail: zhariyat@mail.ru

Based on experimental data for a large number of nonmetals, we find that the phonon thermal
resistance correlates linearly with the product of the thermal expansion coefficient per temperature
at each equilibrium state. This fact allows us to understand the noticeable increase in thermal
conductivity of loose-packed materials near the temperature of inversion of the sign of thermal
expansion, since the contribution of the phonon component becomes negative. For HTSCs, as well
as for many weakly packed structures, there is an inversion of the TEC sign below the transition
temperature and directly at the transition. This allows us to express the criteria for the increase in
thermal conductivity of superconductors below the superconducting transition temperature.

In [1] the problem of establishing the nature of the increase in thermal
conductivity of superconductors below the superconducting transition temperature
(T,) is outlined. The literature review shows that to date there is no the unambiguous
interpretation of this experimentally observed fact. According to the recognized
concepts, the thermal resistance W(7) (the inverse of thermal conductivity) is directly
proportional to the square of the coefficient of thermal expansion (TEC), i.e., to the
thermal deformation of the lattice determined by the anharmonicity of atomic
vibrations. Such representations do not take into account the peculiarities of thermal
conductivity behavior at inversion of anharmonicity sign. In HTSCs, in which there
are no generalized charge excitations, the heat resistance is determined mainly by the
contribution of the deformation potential of phonon scattering on phonons (17,).
Based on experimental data for a large number of nonmetals, we have found that the
ratio W, to the thermodynamic complex, which is the product of TEC per
temperature, is a constant ¥ at each equilibrium state. The value W is the
characteristic (limiting) for each material thermal resistance, which in the case of sign
inversion is different for the region of positive and negative values of TEC. Then in
the region of negative TEC we should expect a decrease of W below the value
determined by the contribution from scattering at the boundaries, i.e., an increase in
thermal conductivity. On samples of monocrystalline silicon of different sizes we
have shown that W(T) falls sharply at the temperature of inversion of the TEC sign,
and then decreases with the violation of a smooth course.

Note that in any conductor the lattice deformation leads to both the excitation
of charges and their relaxation. At the same time, in loosely packed structures,
deformations associated with the removal and approach of atoms, resulting from
doping, lead to the transition from a dielectric to the state of a conductor and even a
superconductor. Taking into account the self-consistency of the lattice deformation
with the changes occurring in the electronic subsystem, the issues related to the
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inversion of the sign of anharmonicity become particularly relevant in the creation of
materials with a given conductivity and superconductivity.

For HTSC:s, as well as for many weakly packed structures, the inversion of the
sign of the TEC below T.and directly at the transition point is characteristic, for
example, for magnesium diboride. Based on these facts, the report substantiates the
following criteria for the transition of materials to the «thermal superconductivity»
state: in the absence of the boundary effect, the values of the strain potential should
be close to zero, or it acquires a negative sign. Such criteria have were formulated
earlier by us also for the case of electronic superconductivity, including in a magnetic
field.

This work was supported by State assignment FZNZ-2025-0003.
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Relation of anomalies of temperature dependences of resistance
with thermal deformation of the YBCO lattice
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S.Kh.Gadzhimagomedovl, Zh.Xh. Murlieva', S.V. Simonov’
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The results of direct measurements of p(7) and temperature deformation of lattice parameters of
microcrystalline sample YBCO in normal and superconducting states are presented. The
temperature dependences of the derivatives of resistivity at the superconducting transition, show a
jump with a positive deviation from zero. The lattice deformation occurs with a decrease in volume
up to T, and a sharp increase at this temperature, in the absence of a magnetic field. The changes in
the deformation of the lattice parameters at 7. occur with inversion of sign. It is shown that in the
normal state there is a linear correlation between the temperature coefficients of electrical resistivity
and thermal deformation of the lattice parameters with a correlation coefficient of at least 0.98. The
results of these studies allow us to present a possible scenario of the material transition to the
superconducting state.

On the basis of the study of correlation of temperature dependences of
resistance and thermal expansion coefficient (TEC), the nature of the formation of the
deformational potential of electron scattering on phonons in materials whose
conductivity varies from values characteristic of classical metals to HTSC has been
established. This allows us to quantitatively describe the temperature dependence of
the phonon resistance (p(7)) of classical conductors from ~0 K to their melting
temperature. This result can be explained equally well both within the Drude-Bloch
and Maxwell’s concepts. Although in them the resistance is inversely and directly
proportional respectively to the relaxation time of charge excitations. In metals, p(7)
is linearly related to the product of TEC — a.y= dV(T)/V(T)dT on the temperature. In
intermetallides and HTSC there is a direct or inverse correlation of temperature
coefficients of electrical resistance (TCR) —a,= dp(7)/p(T)dT and TEC within the
limits of existence of any of the considered phases. Knowledge of the nature of the
established deformation potential allows us to assume its determining role in the
formation of the superconductivity effect in the framework of the BCS theory.

We report the results of direct measurements of p(T) and thermal strain of lattice
parameters of a microcrystalline YBa,Cu;0;5(YBCO) sample, with two pre-dominant
superconducting phases (DCPs), in normal and superconducting co-states. The
temperature dependences of the resistivity derivatives for each of these phases at 90.5 K
and 87 K, respectively, show jumps with positive deviation from zero. The lattice
deformation occurs with a decrease in volume up to T;=90.5 K and T=87 K and of sharp
it increase (striction) at these temperatures, in the absence of a magnetic field. The TEC
changes of all lattice parameters at T, for DCPs occur with sign inversion. It is shown that
there is a linear correlation between the temperature coefficients of electrical resistivity
(TCR) and TEC below (forward) and above (reverse) the transition temperature to the

pseudogap state (~160 K) with a correlation coefficient of at least 0.98. As a result of
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doping with oxygen atoms, the YBCO lattice is deformed with weakening of
directionality and saturation of covalent bonding (with the local of charge excitations).
This is evidenced by the transition of YBCO from a dielectric to a conductor state. The
generalization of local charge excitations throughout the volume obviously occurs as a
result of the observed lattice compression at approach to T.up to the volume value
corresponding to OK. High values of the lattice elasticity at such a volume and the
principle of detailed equilibrium promote pairing of charge excitations generalized over
the volume — ordering in the electronic subsystem. The fact of this ordering follows from
the fact that the value of the entropy difference in T, is zero, so the work on the observed
growth (jump) of the volume at this temperature occurs at the expense of a decrease in
internal energy. The ordering in the electronic subsystem is accompanied by the
appearance of a superconducting gap at the Fermi level as a result of a corresponding
sharp decrease in the value of the Fermi wave vector associated with the volume change.
This work was supported by State assignment FZNZ-2025-0003.
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Features of Josephson vortex system
in a flux-flow regime in electron doped HTSC

M. Popov', T. Charikova', V. Neverov', N. Shelushinina', A. Ivanov’
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% National Research Nuclear University MEPhI, Moscow, 115409, Russia

The current-voltage (I-V) properties along the ¢ axis on Nd;.xCexCuO4/SrTiO; epitaxial films (110)
with x = 0.145, 0.15 were investigated. For all the samples it has been established that the I-V
characteristics exhibit several resistive branches. The power dependence of the tunneling I-V
characteristics U ~ 17 indicates the non-monotonicity of the d-wave order parameter in electron-
doped HTSCs.

The current-voltage (I-V) properties along the ¢ axis on Nd,.,Ce,CuO4/SrTiO; epitaxial
films (110) withx= 0.145, 0.15 were investigated. For all the samples it has been
established that the /~J characteristics exhibit several resistive branches, which
correspond to the resistive states of individual Josephson junctions [1, 2]. The results
confirm the idea of a tunneling mechanism between the CuO, layers (superconductor —
insulator — superconductor junction) for the investigated Nd,,Ce,CuO, compound.
The power dependence of the tunneling -V characteristics U~ I*” indicates the non-
monotonicity of the d-wave order parameter in electron-doped HTSCs, which is
associated with the features of the Fermi surface in the region of optimal doping (x =
0.15) and with the coexistence of superconductivity and fluctuations of
antiferromagnetic spin excitations [3].

The c-axis flux-flow magnetoresistance on the magnetic field parallel to CuO,
layers shows a well-defined step structure (Fig. 1).

It is shown that in the region of a free flow of Josephson vortices, the structure
is periodic with a period of AB~®/(AqpAc). It is essential that the magnetic
penetration depths in the ab-plane (1qs) and along the c-axis (Ac) determine the sizes
of the Josephson vortices in the Lawrence-Doniach model for an anisotropic layered
superconductor [4].

The work was carried out within the framework of the state assignment of the
Ministry of Science and Higher Education of the Russian Federation for the IMP UB
RAS using the equipment of the Collaborative Access Center «Testing Center of
Nanotechnology and Advanced Materials» of the IMP UB RAS.

References

1. R. Kleiner, et al., Phys. Rev. Lett. 68, 2394-2397 (1992).

2. A.A. Yurgens, Supercond. Sci. Technol., 13, R85-R100 (2000).

3. T. B. Charikova, et al., Solid State Communications 394, 115723 (2024).

4. W.E. Lawrence and S. Doniach, Theory of Layer-Structure Superconductors (Keigaku, Tokyo,
1971).

62



Fundamentals of high temperature superconductivity (mechanisms, pairing symmetry, etc)

Multilayer multicomponent superconducting systems based on FeAs
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We discuss the features of the electronic band structure, charge configurations, phase stability and
interatomic interactions obtained by methods of the first-principles band theory. In particular, the
oxygen-free compounds MCa,Fe;AssF, (where M = K, Rb, Cs) and compounds with oxygen
Ba;ScyAAs,0s, BasScoAzAs,O and BasSc3AAs;Og (where A = Fe, Ni) are considered. It is
shown that the substitution of Fe atoms for Ni atoms leads to a significant rearrangement of
electronic configurations and changes in physical properties.

The discovery of superconducting properties in a large number of FeAs-based
layered phases with sufficiently large critical transition temperatures has initiated
many works, in which both theoretical and experimental results of various properties
of these superconductors are presented. In the present communication we discuss the
features of the electronic band structure, charge configurations, phase stability and
interatomic interactions obtained by methods of the first-principles band theory. In
particular, the oxygen-free compounds MCa,Fe,As F, (where M = K, Rb, Cs) and
compounds with oxygen Ba;Sc,A,As,0s, BayScyAyAs,Og and BasSc;A,As,Og (Where
A = Fe, Ni) are considered. It is shown that the substitution of Fe atoms for Ni atoms
leads to a significant rearrangement of electronic configurations and changes in
physical properties.

The work was supported by the RNF project Ne 25-12-00418.
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Progress in approaching room temperature superconductivity
in hydrides
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The experimental evidence of high T values in superhydrides is derived mostly
from resistivity studies under very high pressure. In our report we present an
overview of some of the recent Meissner effect studies in this new family of
superconductors, as well as critical considerations of the technique in the literature.
We will also present our measurements of magnetic susceptibility by improved
techniques in several superconducting superhydrides, including LaH, (x~12) with
T. near 270-280 K and La-Sc ternary hydride with record high critical temperatures.

The discovery of near-room-temperature superconductivity in hydrogen-rich
(“superhydride”) materials has sparked tremendous excitement in the scientific
community, offering the tantalizing possibility of revolutionary advances in energy
transmission, magnetic levitation, and quantum computing. However, the initial
reports of high critical temperatures (7,) in these systems—particularly in lanthanum
hydrides (LaH,) and ternary hydrides—have been met with both enthusiasm and
skepticism, as the evidence for superconductivity has relied heavily on resistivity
measurements under extreme pressures, with limited direct confirmation via the
Meissner effect. Given the profound implications of room-temperature
superconductivity, it is crucial to rigorously verify these claims through
complementary magnetic susceptibility measurements, which provide definitive
proof of superconductivity through the expulsion of magnetic fields.

In this work, we present a comprehensive overview of Meissner effect studies
in superconducting superhydrides, critically assessing the methodologies employed in
the literature and their limitations. We report advanced magnetic susceptibility
measurements on several high-7, hydrides, including LaH, (*x* ~ 12) with (7,) near
270280 K and a La-Sc ternary hydride exhibiting record-breaking critical
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temperatures. Our experimental approach employs two innovative techniques: (1) a
“single-coil” method for sensitive detection of the Meissner response and (2) a “Lenz
lens” technique for probing high-frequency magnetic susceptibility in the RF range
(tens to hundreds of MHz). Furthermore, we extend the single-coil method to
estimate the lower critical field (H.;) in LaH,., revealing exceptionally high values
that suggest an extremely short magnetic penetration depth—consistent with strong
superconductivity.

While these findings provide compelling support for superconductivity in
superhydrides, further refinement of these techniques is necessary to resolve
outstanding questions regarding their validity and sensitivity under high-pressure
conditions. Future studies will focus on optimizing measurement protocols,
expanding the range of probed hydride compositions, and exploring the interplay
between crystal structure, stoichiometry, and superconducting properties. Success in
these endeavors will not only solidify the case for room-temperature
superconductivity in hydrides but also pave the way for the development of next-
generation superconducting technologies operating under practical conditions.
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Superconductivity in Hydrides at Nearly Room Temperature
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The discovery of superconductivity at megabar pressures in hydrogen sulfide
(H3S), then in metal polyhydrides, starting with binary (LaH,,, etc.) and ending with
ternary (including (La,Y)H,o, etc.), revolutionized the field of condensed matter
physics. These discoveries not only set a record for the critical superconducting
temperature, 7,=250-260K. More importantly, they demonstrate the capabilities of
the electron-phonon pairing mechanism and refute a number of previously proposed
limitations on the electron-phonon coupling constant. This talk reviews the major
experimental findings in the field of hydride superconductivity [1-5], such as (i) the
isotope effect, (ii) temperature- and magnetic field resistivity dependences, (iii) upper
critical field temperature dependence, (iv) the influence of magnetic and non-
magnetic impurities on 7;, and (v) magnetic field shielding. The available
experimental data for all hydrides provides evidence for the singlet-type pairing,
electron-phonon pairing mechanism, and strong coupling regime. The normal state
properties of hydrides were found to be non-trivial and quite different from the
conventional Fermi liquid behavior.
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This study explores calcium-yttrium-hydrogen ternary hydrides as candidates for
near-room-temperature  superconductivity under high-pressure conditions. Using
evolutionary structure prediction (USPEX) and density functional theory (DFT), we
identify thermodynamically stable phases such as P-6m2—CaYH;s, which exhibits critical
temperatures 7, of 324-348 K at 400 GPa (A =3.25, where A is the electron-phonon
coupling constant). Hydrogen-rich polyhedral frameworks (e.g., interconnected CaHy and
YHj, units) enhance 7, by strengthening phonon-mediated electron interactions. At 350
GPa, P-6m2-CaYHjsachieves A =3.461, vyielding 7,=313-336 K. Other stable
configurations, including Imm2-CaY;H;s (77258279 K at 300 GPa) and Imm2-
Ca;YH;6 (7.=263-286 K at 300 GPa), further highlight the role of structural motifs in
optimizing superconducting properties. These results underscore the potential of ternary
hydride design for achieving ambient-condition superconductivity through extreme-
pressure engineering.

Superconductivity at ambient conditions remains one of the most intriguing
frontiers in condensed matter physics. Since the discovery of superconductivity in Hg
by Kamerlingh Onnes in 1911, researchers have pursued materials exhibiting zero
electrical resistance at technologically accessible temperatures. Recent breakthroughs
in hydrogen-rich superconductors, such as H3S (203 K at 155 GPa) and LaH10 (250
K at 160 GPa), have reignited interest in compressed hydrides as potential room-
temperature superconductors. However, binary systems often require high pressures
(>150 GPa) to achieve near-ambient Tc, motivating systematic exploration of ternary
compositions that might stabilize hydrogen-rich materials at lower pressures.

This work addresses this challenge through computational screening of the Ca—Y-H
ternary system, leveraging evolutionary crystal structure prediction (USPEX) combined with
first-principles density functional theory (DFT). Our methodological pipeline integrates:

Structure prediction: Evolutionary algorithm searches in USPEX identify low-
energy configurations across pressure range 100-400 GPa.

Thermodynamic analysis: Convex hull construction quantifies phase stability,
including zero-point vibrational energy corrections from finite-displacement phonon
calculations (Phonopy).

Electronic characterization: Band structures and density of states (DOS) are
calculated using projector-augmented wave potentials in VASP with PBE and AMO05
functionals.
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Superconductivity assessment: Electron-phonon coupling (A) and critical
temperatures are computed via density functional perturbation theory (Quantum
ESPRESSO), followed by isotropic Migdal-Eliashberg formalism for clathrate-like phases.

Key discoveries include three dynamically stable ternary architectures
emerging above 300 GPa:

P-6m2—-CaYH18: This arrangement features interconnected CaH9 and YH9
polyhedra. With A=3.287 at 300 GPa, Eliashberg solutions yield 7.=293-314 K,
increasing to 324-348 K at 400 GPa despite slight A reduction (A=3.25).

Imm2-CaY3H36 shows moderate 7,=258-279 K (A=2.631) at 300 GPa.

Pmm2-Ca3YH36 achieves T7,=263-286 K (A=2.389) at 300 GPa.
Pressure-dependent trends reveal critical insights:

Synergistic cation effects: Mixed Ca/Y lattices outperform binary hydrides by
optimizing charge transfer — yttrium stabilizes complex polyhedral geometries at CaH,.
Our results establish Ca—Y-H as a model system for exploring ternary hydride
superconductivity, demonstrating that multi-component alloying enables fine-tuning
of electronic structure and phonon spectra toward practical room-temperature
operation. Future experimental validation of these predicted phases could accelerate
development of next-generation superconducting materials for lossless power
transmission and quantum computing applications.

68



Superconductivity at high pressures. Routes to «<room» temperature superconductivity at atmospheric pressure

Direct prediction of Eliashberg spectral function
with Euclidean neural networks

A.G. Kvashnin, M.M. Lukanov, M. Grebenyuk

Skolkovo Institute of Science and Technology,
Bolshoi Blv. 30, Building 1, Moscow 121205, Russian Federation

Application of density functional theory for calculations of Eliashberg spectral
function of metal hydrides under pressure is time consuming and computationally
expensive. Here we use the Euclidean neural networks to predict the Eliashberg
spectral functions of hydrides in the Ca-Y-H system.

Hydrogen-rich hydrides attract great attention due to recent theoretical [1] and
then experimental discovery of record high-temperature superconductivity in H3S
(Tc =203 K at 155 GPa [2]). Since that time many different hydride systems were
computationally predicted and experimentally synthesized [3—7].

Computationally new hydrides are studied using density functional theory which
is the traditional and standard instrument for investigating. The most computationally
expensive part is the calculation of the Eliashberg spectral function, which requires
significant computational resources. This significantly limits the possibility of large-
scale screening of new high-temperature hydrides among predicted ones or during the
computational search for new crystal structures. Another drawback is the impossibility
of calculating the Eliashberg spectral function for noncrystalline structures for detailed
study of changes in a 2F during phase transition etc.

Here we use the Euclidean neural networks (ENNSs) trained on the computational
data of known Eliashberg spectral function of binary hydrides to predict the new ones of
structures containing hundreds of atoms. The calculation of the Eliashberg function is
crucial for determining the impact of phonon contribution to superconductivity. It is
noticeable that the Eliashberg function can be obtained both on experimental and
theoretical levels, allowing us to explicitly interpret the theoretical models. But the
calculation procedure is very time and computer resource consuming, especially if we use
methods of quantum chemistry on ab initio level. To solve this problem, approaches based
on machine learning methods can be applied for approximation ab initio calculation by
means of parametrized functions. Neural networks are a wide range of such parametrized
functions, the architecture of which is selected based on specific tasks. Euclidean neural
networks (E3NN) [8] are a powerful tool for representing molecular and crystal structures,
taking into account the symmetry considerations and equivariancy of some characteristics
(for example, velocities, atom forces and others). We used them to predict the Eliashberg
function in this work. Using E3NN, we created a framework for predicting the Eliashberg
function of binary yttrium hydrides with further determination of superconductivity
characteristics.
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Simulation of formation of LaH;,
under pressure by deep learning potentials
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Federation

Here we use deep neural network potential to simulate the formation of high-
temperature superconductor LaH;, during the laser heating. Heating (melting) and
cooling (crystallization) of crystal structures in the La-H system is studied. Different
hydrogen concentrations are considered to define the optimal conditions for
formation of single crystal LaH, at the pressure of 200 GPa.

Hydrogen-rich hydrides attract great attention due to recent theoretical [1] and
then experimental discovery of record high-temperature superconductivity in H3S
(Tc= 203 K at 155 GPa [2]). Since that time many different hydride systems were
computationally predicted and experimentally synthesized [3—7].

Computationally new hydrides are studied using density functional theory
which is the traditional and standard instrument for investigating. However, it is
computationally expensive, which significantly limits the possibility of large-scale
screening of new high-temperature hydrides or for investigations of new more
complex compositions, like ternary or quaternary hydrides.

This limitation can be overcome by using machine learning techniques, namely
machine learning of interatomic potentials, to perform large-scale simulations of
different properties of hydrides under pressure, except superconductivity.

Here we use deep neural network potential to simulate the formation of high-
temperature superconductor LaH,, during the laser heating. Heating (melting) and
cooling (crystallization) of crystal structures in the La-H system is studied. Different
hydrogen concentrations are considered to define the optimal conditions for
formation of single crystal LaH;, at the pressure of 200 GPa. Training of deep neural
network (DNN) potential was performed by using the DP-GEN package [8], which
was previously successfully used for training of the potentials and simulations [9].
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Vortex Phase Transitions in Bismuth Hydride BiH, at 169 GPa
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Bismuth hydride BiH. is a representative of the new high-temperature
superconducting (HTS) materials from the class of binary superhydrides. To date,
only a few experimental studies exist on this compound, which demonstrate its
transition to the superconducting state. We therefore present the first comprehensive
study of the vortex state in bismuth superhydride and determine the key parameters of
the vortex phase transition.

Magnetotransport measurements were performed on superconducting bismuth
superhydride in magnetic fields up to 5 Tesla within the temperature range from 7, =
42 K (zero-resistance criterion) down to 5 K. The measurements were conducted
using the Cryogenics CFMS-16 system. The sample temperature was monitored
using a Cernox™ thermometer mounted on the pressure chamber in close proximity
to the diamond anvils. Resistance data and current-voltage characteristics were
analyzed according to the vortex glass (VG) theory. The so-called vortex glass
melting line was determined, and the critical exponents of this phase transition were
evaluated. Based on the comparison of the obtained data with theory, conclusions
were drawn regarding the dimensionality of the vortex state in this system. A phase
diagram was constructed, and comparisons were made with other representatives of
the superhydride class.
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(SQ) PROPERTIES OF SUPERCONDUCTORS
AND QUANTUM/TOPOLOGICAL MATERIALS

Plenary

Inverse melting of the vortex lattice
in a superconducting thin film

Pratap Raychaudhuri

When the temperature is increased, solids melt into a liquid at a characteristic
temperature. However, there are rare situations where an increase in temperature can
induce a transformation from a liquid to a solid. This phenomenon, inverse melting,
is only observed in a handful of systems. Here, analyzing real space images of the
vortex state using a scanning tunneling microscope, I will show the observation of
inverse melting of the vortex lattice in a 20 nm thick Re¢Zr thin film where the
vortices transform from an inhomogeneous liquid to a solid and then back to a liquid
when temperature or magnetic field increased. These transformations leave distinct
signatures on the magneto-transport properties of the superconductor.
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Can the noble metals (Au, Ag, and Cu) be superconductors?

Giovanni Alberto Ummarino

Dep. of Applied Science and Technology, Politecnico di Torino,

Corso Duca degli Abruzzi 24, 10129 Torino, Italy,

Dep. of Semiconductor Quantum Electronics, National Research Nuclear University MEPhI,
Moscow Engineering Physics Institute, Kashira Hwy 31, 115409 Moskva, Russia

On the other hand, quantum confinement in thin films has been consistently
shown to induce a significant enhancement of the superconducting -critical
temperature in several superconductors. It is, therefore, an important fundamental
question  whether ultrathin  film confinement may induce observable
superconductivity in nonsuperconducting metals. We present a generalization, in the
Eliashberg framework, of a BCS theory of superconductivity in good metals under
thinfilm confinement. By numerically solving these new Eliashberg-type equations,
we find the dependence of the superconducting critical temperature on the film
thickness L. This parameter-free theory predicts a maximum increase in the critical
temperature for a specific value of the film thickness, which is a function of the
number of free carriers in the material. Exploiting this fact, we predict that ultrathin
films of gold, silver, and copper of suitable thickness could be superconductors at low
but experimentally accessible temperatures. We demonstrate that this is a fine-tuning
problem where the thickness must assume a very precise value, close to half a
nanometer.

Finally we applied the same method to magnesium and found a significantly
higher critical temperature than that of noble metals.
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Invited

Fermi Surface Topology and High-Order
van Hove Singularities in Sr:Ru.O-

D. Efremov

Topological transitions of the Fermi surface, known as Lifshitz transitions, can
give rise to van Hove singularities (VHSs). These occur when the electronic density
of states diverges. These singularities are a key driver of electronic instabilities and
correlated phases in quantum materials. In this talk, we explore how VHSs manifest
in three systems: single-layer ruthenate (Sr.RuO.), bilayer (SrsRu207) and twisted
graphene-based moiré superlattices.

In twisted bilayer and trilayer graphene, VHSs can be engineered by adjusting
the twist angle, resulting in both conventional and higher-order singularities. These
features lead to strong correlations and emergent phases, such as superconductivity
and correlated insulators. It is believed that the proximity of the Fermi level to a VHS
enhances the superconducting critical temperature in Sr.RuQOa. In SrsRu207, tuning
through a VHS using a magnetic field gives rise to a metamagnetic quantum critical
endpoint and electronic nematicity. This makes it a canonical example of quantum
critical behaviour driven by Fermi surface topology.
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Gapless and gapped vortex bound states
in higher-order topological superconductors

A.D. Fedoseev, A.O. Zlotnikov

Kirensky Institute of Physics, Federal Research Center KSC SB RAS

We demonstrate the coexistence of zero-energy vortex modes and Majorana corner modes in a 2D
second-order topological superconductor. The model describes an interface between a normal layer
supporting the topological insulating phase and a superconducting layer. We show that the gapless
vortex modes can appear in the superconducting state with a vortex if the bulk energy spectrum of
the normal state has Dirac cones. The number of pairs of such vortex modes corresponds to the
number of Dirac cones. If the normal layer is in the state of a topological insulator, then the vortex
modes become gapped.

The concept of higher-order topological insulators (HOTIs) gained significant
attention in 2017 [1, 2], though analogous phenomena had been predicted earlier in
systems such as *He-B [3] and 3D first-order topological insulators (FOTI) under a
magnetic field [4]. Shortly afterward, the framework of higher-order topology was
extended to superconductors, leading to the proposal of higher-order topological
superconductors (HOTSCs) [5].

In higher-order topological systems, both bulk and edge states are gapped,
while topologically protected gapless excitations emerge at higher-order boundaries—
specifically, at corners in 2D systems and at corners/hinges in 3D systems. Notably,
in 2D HOTSCs, these states manifest as Majorana corner modes (MCMs), which
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exhibit zero energy and obey non-Abelian exchange statistics, making them
promising candidates for quantum computation via braiding protocols [6]. Proposed
realizations of HOTSCs include hybrid structures combining FOTIs with
superconductors, first-order topological superconductors (FOTSCs) under a magnetic
field, nanowire-based systems (such as Rashba nanowires and magnetic chains),
superconductor-altermagnet/noncollinear magnet heterostructures, and
FeTeys55Seqqs (see reviews [7, 8]).

In FOTSCs, a well-established correspondence exists between Majorana zero
modes localized at boundaries and those bound to vortex cores [9]. However, this
edge-vortex correspondence may break down in HOTSCs. While HOTSCs inherently
possess a gapped edge spectrum — suggesting gapped vortex modes from the FOTSC
perspective — recent studies have demonstrated the coexistence of MCMs and zero-
energy vortex modes in certain HOTSCs [10, 11].

In this work, we study the interplay between gapped/gapless vortex modes
(VMs) and MCMs in a 2D HOTSC model comprising a spin-orbit-coupled normal
layer interfaced with a superconducting layer. Typically, such a normal layer is
modeled as a topological insulator with a gapped bulk and gapless edges, where
superconducting pairing induces a Dirac mass at the edges, stabilizing the HOTSC
phase [12]. VMs are gapped in such a case. Here, however, we focus on scenarios
where the normal layer hosts one or two Dirac cones in the bulk spectrum.
Superconducting pairing opens a gap in both bulk and edge spectra, yet unlike the
previous case, this regime supports either single-pair or double-pair zero-energy VMs
alongside MCMs. The double-pair case features two pairs of zero-energy states per
vortex core, whereas the single-pair case hosts only one such pair. The number of
pairs of such VMs corresponds to the number of Dirac cones. We demonstrate that
the reason for formation of zero-energy VMs in our model is the same as on the
superconducting surface of FOTI [13]. The found zero-energy VMs remain robust
across a broad parameter space, including variations in chemical potential, spin-orbit
coupling, and pairing amplitudes. However, we explicitly show how they become
gapped upon tuning other parameters, such as an energy offset for different orbitals,
next-nearest-neighbor hopping parameter, and anisotropic (along x and y axes)
nearest-neighbor hopping parameters on a square lattice.

Figures (a) and (b) display the energy spectra of a square-shaped HOTSC with
a vortex located at the center, illustrating double-pair (a) and single-pair (b) vortex
modes (red dots), alongside Majorana corner modes (blue dots). The spatial profiles
of MCMs and VMs are shown in panels (c) and (d), respectively.

We further examine how VMs interact with edges and MCMs when the vortex
approaches the boundary. Key findings include: (i) VMs can be gapped by sufficient
defects (e.g., system edges); (ii) hybridization between vortex and corner modes
opens a gap for the excitation energy of both modes; (iii) the vortex core itself — even
without zero-energy modes — breaks time-reversal symmetry, destabilizing Majorana
corner Kramers pairs and inducing their hybridization when the vortex gets near a
corner. The key results have been presented in Ref. [14].
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The influence of orbital and Zeeman effects under a magnetic field on zero-
energy modes will be also discussed for the present model.

The work was supported by Russian Science Foundation (project No. 24-22-
20088, https://rscf.ru/en/project/24-22-20088/) and Krasnoyarsk Regional Fund of
Science.
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Superconducting proximity effects in nodal and nodeless altermagnets

Lun-Hui Hu

Zhejiang University

The recent discovery of altermagnets, a groundbreaking class of
antiferromagnets with nonrelativistic spin-split bands, has opened a frontier in
quantum materials research. In this talk, we discuss how these exotic states reshape
superconducting proximity effects, revealing phenomena with profound implications
for quantum technologies. Focusing on 2D altermagnet/superconductor junctions, we
present two paradigmatic cases. (i) Nodal Altermagnets (e.g., d-wave RuO,): Here,
spin-split Fermi surfaces with symmetry-protected nodes induce oscillating spin-
singlet Cooper pairs with finite momentum, which is a spatial interference
phenomenon reminiscent of Fulde-Ferrell-Larkin-Ovchinnikov states. (ii) Nodeless
Altermagnets (100% spin-valley polarized): Remarkably, the absence of nodes
triggers a complete suppression of spin-singlet pairs, instead stabilizing robust spin-
triplet superconductivity, which is a rare feat without conventional magnetic
frustration. We further demonstrate how 0-pi phase transitions in these systems are
governed by distinct quantum knobs.
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Observation of the Leggett collective plasma oscillation and the spin
exciton in two-gap superconductors using SNS-Andreev spectroscopy
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In this talk we summarize the pioneer experimental observation of two
collective resonant effects realized in two-gap superconductors (SC) and enhanced by
the tunneling. We revisit the Leggett plasma mode (caused by small fluctuations of
the phase difference between two SC condensates) in (Mg,Al)B, superconductor
firstly observed by Prof. Ya.G. Ponomarev et al. in 2002, and consider the spin
exciton (originated from a presence of a spin-resonance peak in the imaginary part of
dynamic spin susceptibility) in SC oxypnictides of the 1111 family observed by us
since 2017. We compare and discuss the features of the experimental observation of
these effects in the Andreev spectra of planar “break-junctions’’.

MgB, becomes the first-ever-known two-gap SC, where two weakly
interacting SC condensates with the distinct coupling energies (2A, and 2A))
develop in the SC state below 7,. As early as in 1966 A.J. Leggett predicted that
collective plasma oscillation caused by small fluctuations of the phase difference
between two SC condensates (“internal Josephson effect in the k-space”), develop in
two-gap superconductors [1]. The main result of the pioneer work [1] re-derived by
Sharapov et al. [2] specially for MgB, is that the square of the massless term of the
oscillation frequency w; =@. (k—0)at T=01s proportional to A4(0)-A-(0). For the
first time, Leggett plasmon in MgB, was experimentally detected in our laboratory by
supervision of Prof. Ya.G. Ponomarev in 2002 [3, 4].
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For the iron-based superconductors, the Fermi surface consists of hole barrels
near the Gamma point and electron barrels near the M point of the Brillouin zone,
which are coupled by a nesting vector Q. As a result, within the framework of 5-
orbital spm-model, the imaginary  part of  the dynamic spin
susceptibility Im[y(Q,®)] shows a spin-resonance peak at
position @z(0)<[Az(0)+A0)] [5].

At 4.2 K, using a planar “break-junction’” technique we formed Josephson SIS and
Andreev SnS nanojunctions (S is superconductor, # — thin normal metal, / — insulator). In
I(V) and dI(V)/dV characteristics of the tunneling junctions, we reproducibly observed a
fine structure caused by a resonant interaction of Josephson supercurrent with a bosonic
mode (in SIS regime) or emission of bosons during multiple Andreev reflections (in SnS
regime), and determined the energy of the bosonic mode [6].

Here we revisit our experimental results on Leggett plasma mode detection in
disordered MgB, and electron doped (Mg,Al)B, compounds in a wide range of
critical temperatures 7, = 13.5—40,K. In average, ®, does not exceed the small SC
gap 2Amn(0) value and reaches @y = 4—5 meV in MgB, with 7. ~ 40 K. Summarizing
the data obtained by Josephson and Andreev spectroscopies, we demonstrate almost
linear @; (A, -A_) dependence and an absence of a “dirty limit> transition within
this 7, range [3, 4] and present here an experimental temperature dependence of the
Leggett plasma mode wy(7).

In the dI(V)/dV-spectra of SnS-junctions formed in Gd(O,F)FeAs and
(Sm,Th)OFeAs oxypnictides (the 1111 family) with various doping degree and
maximum 7. = 50 K [7-10], as well as in (K,Na)sFe, ,Se, selenides with T, = 26 K,
the observed fine structure was attributed to an interaction with a spin exciton. In
particular, multiple emission of up to 4 bosons was detected in (Sm,Th)OFeAs [9].
At TyT,, the spin exciton energy epsilon0 was not exceed the indirect SC
gap A;(0)+Ag(0) in the oxypnictides, and 2A(0) in single-gap selenides. In the 1111-
compounds, under doping variation, epsilon) was scaled with T, together
with Az(0) and As(0) [7, 9].

The experimental temperature dependence gy(7) agrees well  with
the wg(7) dependence calculated within the spm model [10].

The work is supported by RSF project no. 22-72-10082P. The authors are forever
grateful to Prof. Ya.G. Ponomarev, S.N. Tchesnokov and E.P. Khlybov. We also thank
L.G. Sevastyanova, O.V.Kravchenko and K.P.Burdina for the provided MgB; and
(Mg,Al)B, samples during 2001-2007. We thank P.I. Arseev and N.K. Fedorov for
several fruitful discussions during 2009-2013.
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Recently, a new superconductor BaAg;sBi, with a previously unknown variant of the
monoclinically distorted structure CaBe,Ge, was obtained and its superconducting properties were
studied [1, 2]. This is a type II superconductor with a relatively high critical temperature of 5.4 K
for bismuthides of composition 122. It turned out that this structural type allows partial substitution
of gold and copper in the d-metal position. In this report, we will show how such a substitution
affects the structural and superconducting properties.

Recently, a new superconductor BaAg; sBi, with a previously unknown variant
of the monoclinically distorted structure CaBe,Ge, was obtained and its
superconducting properties were studied [1, 2]. This is a type II superconductor with
a relatively high critical temperature of 5.4 K for bismuthides of composition 122. It
turned out that this structural type allows partial substitution of gold and copper in the
d-metal position. In addition, substitution of barium by an alkali metal is also
possible. Single-crystal X-ray diffraction studies showed that Cu and Au atoms
preferentially replace silver atoms decorating a flat square network of bismuth atoms
in a fluorite-like layer. Specific susceptibility measurements showed that substitution
by copper and especially by gold suppresses superconductivity, while substitution by
an alkali metal (Rb) leads to an increase in the superconducting transition
temperature. The report will discuss the reasons for such an influence of substitution
on superconducting properties.
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The interest in the family of high-temperature superconducting iron-based
pnictides and chalcogenides discovered in 2008 prompted the search for new families
of chemical and/or structural analogs of these systems. One such family is materials
with complete substitution of Fe by other chemical elements. Another direction for
creating such materials is to change the types of atoms between FeAs layers or even
to introduce additional layers of rather diverse geometry and chemical composition. It
has also been found that it is possible to grow superconducting materials consisting of
layers belonging to different families of high-T. pnictides. In this paper we present a
review of the electronic spectra of various recently synthesized High-T, systems such
as 1144, 12442, 32225, 42226, 43228 and their comparative analysis.

This work was supported by the RNF project No. 25-12-00418.
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We investigate the spatially-resolved dynamics of the collective amplitude Schmid-Higgs (SH)
mode in disordered s-wave superconductors and fermionic superfluids. By analyzing the analytic
structure of the zero-temperature SH susceptibility in the complex frequency plane, we find that
when the coherence length greatly exceeds the mean free path: (i) the SH response at fixed wave
vectors exhibits late-time oscillations decaying as 1/t* with frequency 2A, where A is the supercon-
ducting gap; (ii) sub-diffusive oscillations with a dynamical exponent z=4 emerge at late times and
large distances; and (iii) spatial oscillations at fixed frequency decay exponentially, with a period
that diverges as the frequency approaches 2A from above. When the coherence length is comparable
to the mean free path, additional exponentially-decaying oscillations at fixed wave vectors appear
with frequency above 2A. Furthermore, we show that the SH mode induces an extra peak in the
third-harmonic generation current at finite wave-vectors. The frequency of this peak is shifted from
the conventional resonance at A, thereby providing an unambiguous signature of order parameter
amplitude dynamics.

We investigate the spatially-resolved dynamics of the collective amplitude
Schmid-Higgs (SH) mode in disordered s-wave superconductors and fermionic
superfluids. By analyzing the analytic structure of the zero-temperature SH
susceptibility in the complex frequency plane, we find that when the coherence length
greatly exceeds the mean free path: (i) the SH response at fixed wave
vectors exhibits late-time oscillations decaying as 1/t with frequency 2A, where A is
the superconducting gap; (ii) sub-diffusive oscillations with a dynamical exponent
z=4 emerge at late times and large distances; and (iii) spatial oscillations at fixed
frequency decay exponentially, with a period that diverges as the frequency
approaches 2A from above. When the coherence length is comparable
to the mean free path, additional exponentially-decaying oscillations at fixed wave
vectors appear with frequency above 2A. Furthermore, we show that the SH mode
induces an extra peak in the third-harmonic generation current at finite wave-vectors.
The frequency of this peak is shifted from the conventional resonance at A, thereby
providing an unambiguous signature of order parameter amplitude dynamics. The
results are published in [1].
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Electronic states emerging at magnetic domain walls on the surface
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We demonstrate that electron scattering at a magnetic domain wall on the surface of magnetic
topological insulators, as well as magnetic semiconductors with Rashba splitting, can lead to the
emergence of both topologically protected and trivial one-dimensional electronic states.

The band topology of materials with strong spin-orbit coupling, combined with
various types of magnetic ordering, forms a rich platform for studying unusual
quantum phenomena with potential applications in spintronic devices. In this work,
we demonstrate that electron scattering at a magnetic domain wall on the surface of
magnetic topological insulators, as well as magnetic semiconductors with Rashba
splitting, can lead to the emergence of both topologically protected and trivial one-
dimensional electronic states.

The modification of the surface electronic structure under the influence of
magnetization with complex textures is studied using both analytical and numerical
methods. One-dimensional states arising at Ising, Bloch, and Néel domain walls are
described. In the case of a magnetic topological insulator, it is shown that the domain
wall generates a bound state with a linear spectrum within the exchange gap. The
velocity, spin polarization, and spatial localization of this state depend on the mutual
orientation of magnetizations in the domains. Notably, on a surface with a strong
Rashba effect, the domain wall induces the formation of a one-dimensional resonant
state, whose characteristics are similar to those of the bound state in the topological
insulator case, with the key difference being a slight spectral broadening.

It should be noted that in the case of a magnetic topological insulator, in
addition to the topologically protected state with linear dispersion, there may exist
Volkov-Pankratov gap states, the number and characteristics of which depend on the
type and width of the domain wall. Similarly, on a surface with a strong Rashba
effect, in addition to the gapless resonant state, gapped resonant states may appear on
a wide domain wall.

We qualitatively assess the contribution of one-dimensional electron states at
domain walls to magnetoresistance and the anomalous Hall effect in the intrinsic
antiferromagnetic topological insulator MnBi,Te; and in the diluted magnetic
semiconductor with giant Rashba splitting Bi; (V,Mn)Tel.

The realization of stable spin-polarized electronic states associated with
domain walls of various configurations opens a new approach to creating data
storage, writing, and reading devices based on materials with topological band
structure features.
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Here we show that changes in superconducing Tc in S-doped FeSe are
correlated with disorder, as seen in average and local structure as well as in thereby
induced scattering rates. High-temperature resisitivity for strong disorder exceeds
Mott limit and provides an example of violation of Mooij law, which is dominant
when disorder is added in Drude/Matthiassen’s regime in all materials.

Connections among crystal chemistry, disorder and critical temperature 7, have
been at the forefront of superconductivity, one of the most widely studied phenomena in
physics, chemistry and materials science alike. In Fe-based superconductors 7, correlates
with the average anion height above the Fe plane, i.e. with the geometry of the FeAs, or
FeCh4 (Ch = Te, Se, S) tetrahedron. By synthesizing FeSe,-,S, (0 <x <1) single crystal
alloys with atomic defects we find that their T, is not correlated with the anion height of
other Fe superconductors. Instead, changes in T(x) and tetragonal-to-orthorombic
(nematic) transition Ty(x) on cooling are correlated with Bragg plane and Fe vibrations
disorder in direction orthogonal to Fe planes and thereby induced scattering rates (1/7)(x)
[1, 2]. The disorder stems from deformed Fe(Se,S), tetrahedra with different Fe-Se and
Fe-S bond distances. Moreover, high-temperature metallic resistivity in the region of
strong disorder exceeds Mott limit and provides an example of the strong violation of
Matthiesen’s rule and Mooij law which is known to be a dominant when adding moderate
disorder past the Drude/Matthiassen’s regime in all materials [2]. Scattering mechanism of
Mott limit-exceeding resistivity is unrelated to phonons and arises for strong Se/S atom
disorder in tetrahedral surrounding of Fe. Observations point to intricate connection
between nanostructure details and unconventional scattering mechanism, possibly related
to charge-nematic or magnetic spin fluctuations [2, 3].
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Josephson Tunneling and Thermoelectric Transport
in Exfoliated Cuprate Flakes
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The recent decade has seen impressive progresses in techniques for handling
delicate two-dimensional materials. Here, we apply these techniques to study
bismuth-based cuprate compounds that are archetypes of high temperature
superconductors.

We revisit the Josephson effect in c-axis twisted cuprates by employing the van
der Waals stacking technique and fabricate junctions out of mechanically exfoliated
thin flakes of both Bi,Sr,CaCu,Os.x (Bi-2212) [1][2] and Bi,Sr,<LaxCuOg.y (Bi-
2201) [3]. In these junctions with their atomically structures clarified, we still observe
pronounced Josephson tunneling across the twisted boundary at different twist angles.
The latest progresses include the observation of ac Josephson effect with both integer
and fractional Shapiro steps, as well as the on-demand realization of superconducting
diode effect. We discuss implications of these results in the context of the recent
proposal of exotic pairing in the twisted cuprates.

We also develop a method to measure the thermoelectric properties of ultrathin
Bi-2212 flakes (1.5 to 2 unit-cell thick). We realize samples from optimal doping to
the extremely underdoped situation with unprecedentedly high homogeneity. The
samples show prominent Nernst effect both in the vortex liquid regime and the
superconducting fluctuation regime. By combining the thermoelectric and magneto-
transport results, we are able to extract the vortex entropy. Interestingly, the vortex
entropy decreases exponentially with reduced doping. These results challenge the
current understanding of vortex dynamics [4].
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Josephson current and imperfections in a planar topological junction

Yuriy Makhlin
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Current experiments demonstrate physics which may be associated with
Majorana zero modes and other low-energy states in planar topological Josephson
junctions. This includes vanishing critical current at integer flux values under applied
magnetic field. These modes are expected to show peculiar properties and may be
used in prospective topological quantum computations. We analyze the influence of
imperfections on the supercurrent measured in long Josephson junctions, including
inhomogeneities of the junction shape and width in linear and Corbino geometry, as
well as of the ends of a linear junction.
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We study flux-flow instability (FFI) in a single-crystalline superconducting titanium nitride (TiN)
film exhibiting negligible volume pinning. From the maximum velocity of the flux flow, we extract
the inelastic energy relaxation time ¢ by various dynamics FFI models. Comparing our results with
tg obtained from other experimental methods, we conclude that energy relaxation into the vortex
core occurs not due to quasiparticles jumping out of the vortex core but due to a change in the
quasiparticle’s temperature.

Vortex dynamics in superconducting films and devices is an important subject
for both fundamental research and practical applications of superconductivity [1].
Investigating the limiting value of the vortex velocity v*is essential for the
generation of ultrasound, magnons, microwave radiation, and estimation of the
energy relaxation time 7z [1]. When the time for vortex passage becomes less than 7z,
quasiparticles in the vortex core, are unable to relax and flux-flow instability (FFI)
occurs. Depending on the relaxation mechanism, two models can be used to describe
FFI in weakly-pinned superconductors: the Larkin-Ovchinnikov (LO) model and the
Kunchur model. In the LO model [1], it is assumed that the electron-electron
relaxation occurs more slowly than electron-phonon relaxation (f.. >> t,,;), leading to
dissipation of vortex energy occurs through the escape of quasiparticles from the
vortex core. The LO model has been recently shown to facilitate the search for
materials potentially suitable for superconducting microstrip single-photon detectors
(SMSPDs) [2]. By measuring v*, it is possible to obtain the value of 7z via the LO
model, and therefore evaluate the evolution of the hot spot that occurs when a photon
is absorbed by SMSPD. However, superconducting films commonly used in SMSPD
are strongly disordered and, hence, (f.. << t,;) regime should be considered.
Meanwhile, the Kuchur model, which is the opposite of the LO model, is typically
not considered when calculating.
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In this study, we investigated the phenomenon of flux-flow instability in a 12-
nm thick single-crystal titanium nitride (TiN) film with negligible vortex pinning.
Based on previous research [3], we found that the condition occurs in TiN at the
critical temperature, making it difficult to choose a theoretical model to explain FFI.
We measured the critical current density in TiN wires of various widths, we
identified the onset of the flux-flow instability. From these measurements, and
obtained different estimates of the vortex velocity and ¢z, depending on the theoretical
approach used. By comparing the estimated values of #zto the electron-phonon
relaxation time #,,, we conclude that energy dissipation within the vortex core is in
agrees to the Kuchur model i.e. is described by increase in the temperature of
quasiparticle temperature.

This work was supported by the RSF grant Ne 24-72-10105.
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Within the formalism of the Bogoliubov-de Gennes equations, we develop a
theory of subgap states in helical magnetic atom chains placed on the surface of a
superconductor. The surface is modeled as a rigid wall for electrons. We find that
single surface Yu-Shiba-Rusinov states and Majorana modes at the edges of the chain
are more localized than their counterparts induced by magnetic atoms in the bulk of a
superconductor. The energy of the topological edge mode is proportional to the
inverse square of the length of the chain. We also study the topological phase
diagram of the system and find that for a planar spin helix up to three Majorana
modes can coexist on one edge of the chain.

One of the proposals to implement Majorana fermions in condensed matter
systems is based on combining conventional superconductivity with a Zeeman field
with helical structure [1, 2]. Such structure may appear due to different reasons in
magnetic atom chains in contact with a superconductor. There is evidence that both
spiral magnetic order and Majorana edge modes have been observed in Fe atom
chains on top of superconducting Re [3, 4]. Previous analytical studies of such
systems considered models where the magnetic atoms were placed in the bulk of the
superconductor, which does not reflect the geometry of real experiments. More
realistic models with magnetic atoms on the surface of a superconductor have been
studied numerically (see [5, 6] and some other papers), and the obtained results are
mostly material-specific. The present works aims to develop an analytical theory of
subgap states in magnetic atom chains on the surface of a superconductor to highlight
qualitative differences between such states in the bulk and surface geometries.

We consider a magnetic atom chain with helical magnetic order placed on top
of an s-wave superconductor, which occupies the regionz>0. We calculate the
subgap quasiparticle spectrum using the Bogoliubov-de Gennes equations, assuming
that the sample surface is a rigid wall for electrons. A magnetic impurity in the bulk
is typically modeled as an s-wave scatterer. However, near the surface spherically
symmetric scattering is suppressed, and we have to consider scattering with angular
momentum /=1. We find that for a single impurity the local density of states
v corresponding to a Yu-Shiba-Rusinov state is proportional to z*/r*(with
superimposed Friedel-like oscillations) near the surface, where r is the distance from
the impurity. This implies that the measured density of states should be proportional
to ™ — note that for a bulk Yu-Shiba-Rusinov state, the falloff law is v oc 7.
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In a chain, Yu-Shiba-Rusinov states hybridize and form two Shiba bands. At
the edges of the chain, Majorana zero modes (MZMs) can appear. To study their
structure, in the limit of large distance between the magnetic atoms we derive a
discrete model (similar to [7]), which is formally equivalent to a Kitaev chain. The
pairing and hopping amplitudes between sites (atoms) are inversely proportional to
the square of the distance between them when this distance is much smaller than the
coherence length ¢ As a result, the wave function of a MZM falls off as s, where
s is the distance from the edge of the chain (however, when s is larger than &, the
falloff law is exponential). In a finite chain with length L the energy of the
topological edge mode composed of two Majoranas is proportional to L. Thus,
MZMs are more localized, and the energy of the topological mode in a finite chain is
generally lower for a chain on the surface of a superconductor as compared to a chain
in the bulk [7].

A necessary condition for the existence of MZMs is the presence of a gap in
the spectrum of an infinite chain. We demonstrate that this condition is almost
certainly satisfied for a planar spin helix. Such spin configuration is also interesting
from another point of view: our system then possesses an effective time reversal
symmetry (the Bogoliubov-de Gennes equations have real coefficients) and belongs
to the Altland-Zirnbauer symmetry class BDI [8]. One-dimensional gapped systems
belonging to this class are characterized by an integer topological invariant. We
calculated this invariant and found that its absolute value can be as high as three. This
means that up to three stable MZMs can coexist on one edge of the chain, provided
that the atomic spins are coplanar.
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We study the effects of imperfect nesting in the density wave (DW) state on various electronic
properties within a simple 2D tight-binding model. The discussed model reflects the main features
of quasi-1D metals where the DW emerges. We show that a DW with imperfect nesting leads to
unusual singularities in the quasiparticle density of states and to a power-law renormalization of the
superconducting critical temperature. Our results are derived at arbitrary large antinesting and may
help to understand the phase diagram of the wide class of density-wave superconductors. We also
compute the conductivity tensor in a wide temperature range, including the DW transition, and
obtain a satisfactory agreement with the experimental data on rare-earth trichalcogenides and many
other DW materials.

We study the effects of imperfect nesting in a density wave (DW) state on
various electronic properties within a strongly anisotropic 2D tight-binding model.
The discussed model reflects the main features of quasi-1D metals where the DW
emerges. We show that a DW with imperfect nesting leads to unusual singularities in
the quasiparticle density of states and to a power-law renormalization of the
superconducting critical temperature. Our results are derived at arbitrary large
antinesting and may help to understand the phase diagram of the wide class of
density-wave superconductors. We also compute the conductivity tensor in a wide
temperature range, including the DW transition, and obtain a satisfactory agreement
with the experimental data on rare-earth trichalcogenides and many other DW
materials.

The interplay between superconductivity (SC) and charge or spin density wave
(DW) appears in various strongly-correlated electron systems, including most high-
Tc cuprate and iron-based superconductors, NbSe, [1, 2] and other transition-metal
and rare-earth di- and poly-chalcogenides, various organic superconductors and many
other materials (for reviews see, e.g., [3-6]).

The DW in metals creates a spatial modulation of the charge or spin density of
conducting electrons with the wave vector @ and opens a gap A at the Fermi level in
the electronic spectrum, which reduces the electron energy [7]. Depending on the
electron dispersion €(k) in this metal, two different DW states are possible. When ¢(k)
+ e(k + Q) < A for all k on the Fermi surface (FS), then the entire FS is covered by
the DW gap A and the metal becomes a semiconductor in a DW state. In this case a
uniform SC on a DW background is hardly possible, but SC may appear via a spatial
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segregation with DW, as happens in various materials [8—10]. This SC heterogeneity
is visualized by scanning tunneling microscopy [8, 11], by the local diamagnetic
probe [12, 13], or detected and analyzed using the resistivity anisotropy
measurements [14-20].

The spatially uniform DW-SC coexistence may appear in the case of imperfect
FS nesting when e(k)+e(k+Q) > A for some k at the FS. In this case the metallic
conductivity survives in a DW state till 7 — 0, being anisotropically reduced, e.g., as
in various rare-earth three-chalcogenides [21] and many other materials [3— 7]. One
could expect an exponential decrease of the superconducting transition
temperature 7, in the presence of the DW background even in the imperfect-nesting
case, because according to the BCS theory in the weak-coupling
regime 7, ~ wp exp(—1/gvr ) exponentially depends on the electron density of states
(DoS) at the Fermi level vz multiplied by the coupling constant g, with the Debye
frequency wp in the pre-exponential factor. As the DW opens a gap, at least in some
parts of FS, the DoS vris reduced by the DW, leading to destructive SC-DW
interference [22, 23]. However, usually, one observes a more complicated SC-DW
interplay: the superconducting transition temperature 7, is the highest at the quantum
critical point (QCP) where the density wave (DW) gets suppressed by some external
parameter, such as doping level, pressure, cooling rate [14, 15], disorder [2], etc.
The T, dome-like shape near the DW QCP results from the enhancement of electron-
electron (e-e) interaction g — g«(@) in the Cooper channel by the critical DW
fluctuations, which can be described as the SC vertex renormalization in the language
of Feynman diagram technique [24, 25]. Note that this vertex renormalization
changes its momentum dependence and may favor the unconventional
superconductivity [26-28].

According to the theoretical calculations [24-27] the SC coupling
enhancement g — g.(Q) is not very strong, especially far from the DW QCP, when
the DW order parameter A is larger than the SC energy gap. On the contrary, the
gapped FS area in the DW state is, usually, rather large, as visualized by ARPES
measurements in various compounds. How the observed increase of 7.in the
presence of the DW, implying the increase of product gv, is then possible?

In this work [29] we consider only the second scenario of the uniform DW in the
case of imperfect nesting. What is stronger, the SC coupling renormalization g — g« Q) or
the DoS reduction v — v « by the DW? The answer to this question dramatically affects
the SC transition temperature in the weak-coupling regime.
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The paper experimentally investigated the coherent component of the current of non-equilibrium
quasiparticles injected through a tunnel barrier into a superconductor made of normal metal into a
superconducting "fork". Nanostructures can be considered as solid-state analogs of a two-beam
optical interferometer. Quasiperiodic dependences of the tunnel current on an external
perpendicular magnetic field were obtained, qualitatively indicating the detection of the desired
effect. The observation is of fundamental importance: the interference of electrons in a non-
equilibrium state was demonstrated.

Relaxation of non-equilibrium quasiparticle excitations in a superconductor, as a
rule, requires the presence of an inelastic scattering channel. At sufficiently low
temperatures, due to the absence of a phonon mechanism, relaxation times (lengths)
can reach extremely large scales. For example, in aluminum, the corresponding scales
are in the ~10 pm range [1, 2]. The main hypothesis of the present work, which
requires confirmation, is the possibility of experimentally recording the interference
of non-equilibrium quasiparticles in a superconductor.

In this work, we studied hybrid nanostructures in the form of a T-shaped
electrode made of a normal metal (copper) — a tunnel dielectric layer (aluminum
oxide) — a superconducting fork (aluminum), which are solid-state analogs of a two-
beam optical interferometer (Fig. 1). Unpaired electrons are injected into the
superconductor with energies eV exceeding the superconducting gap. Due to the
Aharonov-Bohm magnetic effect, the quasiparticles receive a phase shift proportional
to the ratio of the magnetic flux @ through the area of the loop and the quantum of
the magnetic flux ®y=h/e. The discovered dependences of the tunnel current I on the
perpendicular magnetic field B (Fig. 2) can be associated with the detection of the
sought-after effect. The corresponding current-magnetic characteristics I(V=const, B)
demonstrate a quasi-Fraunhofer shape: the central maximum at |B| < 1 mT and
weakly distinguishable maxima of higher orders. The dotted curve in Fig. 2
corresponds to a typical distribution of light intensity of a two-slit optical
interferometr. The monotonic component of the tunnel current can be associated with
partial suppression of the superconducting gap by the magnetic field. The observed
effect indicates a new phenomenon: interference of charge carriers in a non-
equilibrium state.
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Absence of «fractional ac Josephson effect)
in superconducting junctions

M.S. Kalenkov, A.D. Zaikin

1.E. Tamm Department of Theoretical Physics,
P.N. Lebedev Physical Institute, 119991 Moscow, Russia

We develop a microscopic theory of the nonequilibrium Josephson effect in
SIS junctions. The scattering matrix of the barrier is assumed to be arbitrary and may
include magnetic effects. Using the formalism of the quasiclassical theory of
superconductivity, we derive a formally exact expression for the Josephson current
under an arbitrary time-dependent voltage. In the limit of a time-independent bias, we
obtain a 27 -periodic electric current as a function of the Josephson phase ?, for any
form of the scattering matrix. Our result unambiguously rules out the so-called
"fractional ac Josephson effect," which implies a 47 -periodic current-phase relation.

In conclusion, while the Andreev bound state picture remains extremely useful
in equilibrium, its naive application to nonstationary regimes may lead to
qualitatively incorrect conclusions, such as the appearance of a 4x -periodic
Josephson effect [S]. A full microscopic treatment is essential to avoid such artifacts.
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Thermopower and Hall effect in correlated metals
and doped Mott-Hubbard insulators: DMFT approximation

E.Z. Kuchinskii, N.A. Kuleeva, M.V. Sadovskii

Institute for Electrophysics, Russian Academy of Sciences, Ural Branch,
Amundsen str. 106, Ekaterinburg 620016, Russia

We present comparative theoretical investigation of thermoelectric power and Hall effect in the
Hubbard model within the DMFT approximation for correlated metal and Mott insulator
(considered as prototype cuprate superconductor) for different concentrations of current carriers.

We present comparative theoretical investigation of thermoelectric power and
Hall effect in the Hubbard model for correlated metal and Mott insulator (considered
as prototype cuprate superconductor) for different concentrations of current carriers.
Analysis is performed within standard DMFT approximation. For Mott insulator we
consider the typical case of partial filling of the lower Hubbard band (hole doping).
We calculate the dependence of the Hall coefficient and thermopower on doping
level and determine the critical concentration of carriers corresponding to sign change
of these quantities A significant temperature dependence of the Hall coefficient and
an anomalous dependence of thermopower on temperature (significantly different
from linear typical for the usual metals) is obtained. The role of disorder scattering is
analyzed on qualitative level. We also perform a comparison of our theoretical results
with some known experiments on doping dependence of Hall number in the normal
state of YBCO and Nd-LSCO, demonstrating rather satisfactory agreement of theory
and experiment. Violation of electron — hole symmetry leads to the appearance of the
relatively large interval of band — fillings (close to the half — filling) where
thermopower and Hall effects have different signs. We propose a certain scheme
allowing to determine the number of carriers from ARPES data and perform semi —
quantitative estimate of both thermopower and Hall coefficient using the usual DFT
calculations of electronic spectrum.
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Electronic structure of the CuO monolayer
in the paramagnetic phase considering the Coulomb interactions
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It is believed that the main properties of HTSC cuprates are formed in
CuO; planes. In relatively recent studies [1-3], another type of copper-oxygen layers,
CuO monolayers, was synthesized. The crystal structure of CuO monolayers differs
from the structure of CuQ, planes but they have many common characteristics such
as atomic composition, electronic configuration, the presence of structural elements
in the form of copper atoms separated by oxygen atoms. The similarities between
these two systems hint at the possibility of the existence of high-temperature
superconductivity in CuO monolayers. Strong electronic correlations (SEC) can play
an important role in these compounds. Therefore, the study of the electronic structure
of the CuO monolayer taking into account the intra- and interatomic Coulomb
interactions is an actual task.

To describe the electronic system of CuO monolayer we use the eight-band p-d
model including the copper dy, yo-, d3,010-, dyy-, dys-, dy,- and the oxygen py-, py-, P~
orbitals. The on-site energies and hopping integrals up to fourth nearest neighbors are
obtained within ab initio calculations. Five types of Coulomb interactions are taken
into account: intra-atomic intra-orbital Uy and inter-orbital V4 interactions, Hund’s
exchange Json copper atoms, intra-atomic interactions on oxygen atoms U, and
interatomic interactions between copper and oxygen atoms V4. In this work, we will
vary the Coulomb parameters to explore all possible types of electronic structure that
may exist in the CuO monolayer.

SEC and multiparticle effects are taken into account within the generalized
tight-binding (GTB) method [4]. In this method, the entire crystal lattice is divided
into separate clusters, the electronic structure is formed by quasiparticle excitations
between many-body cluster eigenstates. A transformation in the k-space is firstly
proposed to orthogonalize three 2p-orbitals of oxygen atom in the neighboring CuO
clusters, whereby the atomic orbitals py, py, p,is replaced by the molecular
orbitals o, B, y. It is convenient to work in the hole representation against the
background of the completely filled with electrons copper d- and oxygen p-orbitals.
The local part of the Hamiltonian for the orbital A at the site f without hybridization
with other orbitals and without Coulomb interactions in the hole representation has
the form
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HY =¢,— (&, +U)hh,,

. o TP .
where 7, is the hole annihilation operator, 4, =c,. (¢, is the creation operator of

an electron). It is seen that the energy of local state with the unoccupied orbital A (or
one hole) is defined as the energy of completely filled shells g, reduced by the on-
site energy ¢, of an electron removed from the corresponding orbital A together with
all interactions U’ in which it participates.

The orbital nature of the excitations forming the conductivity band and the top
of the valence band is determined by the orbital nature of the ground zero-, single-
and two-hole cluster eigenstates. The probability density distribution of holes over
copper and oxygen orbitals in the multiparticle CuO cluster eigenstates is calculated
using the exact diagonalization. A map of the orbital type with the maximal
probability density distribution of holes in the ground cluster eigenstates is calculated
in the space of intra-atomic Coulomb parameters on copper atoms U’={U4,V4,J4}
and the intra-atomic Coulomb interactions on oxygen atoms U’,={U,,V,q}. There are
two main regions in this map: the region of predominance of the U’y parameters
(holes in the ground states are on d-orbitals) and the region of predominance of
the U’, parameters (the ground state are formed by p-orbitals). Also there is a narrow
intermediate region of the mixed pd-states between the regions of d- and p-states.

Fig. 1. (a) Dependencies of the band gap E, for the CuO monolayer in the parameter space U,-
Vpa for three fixed sets: (D Ug=9, V¢=7, J=1; (IT) Ug=6, V4=5, J¢=0.5;
(IID) Ug=4, V4=3.2, J4=0.4 eV. The uniformly colored areas of the surfaces with orbital label show
the regions of the Coulomb parameters for which this orbital makes a predominant contribution to
the states at the top of the valence band. The points (i), (ii) and (iii) show the values of the
parameters U, and V4 at which the band structure will be discussed. (b) Band structure and density
of states (DOS) of quasiparticle excitations of the CuO monolayer at Ug=9, V=7,
J=1,Up=3, Vp=1.5 eV.

The electronic structure is calculated using the equations of motion method for
Green’s functions within the multiband Hubbard model. The band structure
calculations within the model without Coulomb interactions indicates that the CuO
monolayer is in a metallic state. The states at the Fermi level are formed by the
copper dy - and oxygen B-orbital, the appearance of d,- and d,,-states at the Fermi
level is possible under the influence of small external influences such as doping or
pressure. Taking into account the Coulomb interaction leads to splitting of the band
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of the dy,, and B-orbitals on the upper and lower Hubbard subbands, the Fermi level
falls into band gap between these subbands. The surface of the band gap magnitude
supplemented by the orbital type forming the top of the valence band is constructed
in the parameter space U,-V,q (Fig.1a). At Coulomb parameters on oxygen typical
for cuprates, the p-states lie deep in the valence band (Fig.1b), the p-d hybridization
is weak due to the large gap between the d- and p-states. The band of the dy,-orbitals
has the strongest dispersion due to largest d-d hoppings among d-orbitals. As a result,
the dy,-band forms the top of the valence band (Fig.1a, green plateau at the surface
(). The increase in the Coulomb parameters U, and V4 leads to that the top of the
valence band acquires the character of the dy,-dy,-orbitals (Fig.la, yellow color) and
then the p-bands reach to the top of the valence band (Fig.1a, dark blue region). The
oxygen p-bands close the band gap and make predominant contribution to the
spectral weight of the states near the Fermi level with further increasing the Coulomb
interactions U’p, (Fig.la, dark blue plateau). Thus, a metallic state is formed again at
large Coulomb interactions U’}

The study was supported by the grant of the Russian Science Foundation Ne
25-22-20043, https://rscf.ru/project/25-22-20043/, the grant of the Krasnoyarsk
Regional Fund of Science.
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Optical conductivity of (Naj33Ky33Rby33)05F€,Se; single crystals
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The optical properties of (Nag33Ko33Rbo33)0sFe2Se, superconducting single crystals with T, =30 K have

been studied at the temperatures of 4-300 K in the broad frequency range by IR Fourier-transform
spectroscopy and spectroscopic ellipsometry. The real part of the optical conductivity 1 was obtained by
the Kramers-Kronig transformation of the reflectance R(®)  The Drude-Lorentz model was applied to
describe the conductivity spectra o1(@) gt tow temperatures and the model parameters (plasma
frequencies, scattering rates and oscillator strengths) were obtained.

The Fe-selenide A.Fe,.,Se, (4 = alkaline metal or TI) system represents a
natural composite in which the 122 metallic phase is formed on the border of the 245
antiferromagnetic stripes [1]. At some compositions of the system, this metallic phase
exhibits the superconducting (SC) properties with the critical temperature 7, up to 32-
33 K.

Fig. 1. The reflectance spectra of (Nag 33K0.33Rbg 33)0 sFe2Ses single crystals at various temperatures.

We have studied for the first time the optical properties of
(Nag33Ko033Rbg 33)08Fe.Se, single crystals grown using self-flux technique. The
composition of the crystals was confirmed by EDX spectroscopy. The critical
temperature of the SC transition 7.~ 30 K was determined from the magnetic
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susceptibility measurements. Infrared spectra at near normal incidence were taken
from the ab plane of single crystals using the IFS 125HR (Bruker) Fourier-transform
spectrometer in the frequency range of 25-10000 cm™ at temperatures of 4-300 K.
An in situ aluminum overcoating technique was used to obtain the reflectance R(w).
The variable-angle spectroscopic ellipsometry (VASE, Woollam) was carried out in
the range from 4000 to 30000 cm™. The reflectance calculated from the directly
obtained by ellipsometry refractive indexes and extinction coefficients was used to
bind the experimentally measured reflectance from the high-frequency side. The low-
frequency extrapolation was based on the Drude model. The real part of conductivity
o, was obtained by the Kramers-Kronig transformation of R(w).

Fig. 2. The real part of the optical conductivity of (Nag 33K 33Rbg 33)0.sFe2Se; at 40 K and the results
of Drude-Lorentz analysis.

The reflectance spectra of (Nag 33K 33Rbg33)08F€,Se; single crystals are shown
in Fig. 1. The overall reflectance is rather low, which is characteristic of insulator. It
is dominated by infrared-active phonons and interband transitions. A lot of phonon
contributions are particularly noteworthy given that in tetragonal 122 structure
({4/mmm) only two in-plane IR-active E, modes are allowed. This is explained by the

formation of a /5x~/5x1 superlattice pattern due to the Fe vacancy ordering
resulting in larger 245 (/4/m) unit cell [2]. The low-frequency reflectance initially
displays small temperature dependence but begins to increase below 150 K.

Figure 2 shows  optical  conductivity  spectrum = oj(®w)  for
(Nay33K033Rbg33)08Fe€,Se; at 40 K. It should be noted that at room temperature there are
no coherent (Drude) contribution to the optical conductivity o, of
(Nay33K033Rbg33)0sFexSe,. As temperature decreases, the Drude contribution arises. In this
case, the Drude-Lorentz model is applicable. Besides the spin-controlled high-frequency
interband transitions at 1800, 4670, 5910, 7220, 12250 and 25680 cm inherent for iron
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selenides [3-6] there are some low-frequency transitions at 80, 180 and 615 cm™. The low-
frequency transitions were also observed previously in the spectra of RbFe,Se;, [5].

Fig. 3. The real part of the optical conductivity in the low-frequency region of
(Nag 33K0.33Rbg 33)0.8Fe2Se; single crystals at 40 and 5 K.

In Fig. 3 are shown the conductivity spectra oj(w) of
(Nag33Ko033Rbg 33)08Fe.Se; single crystals at 40 and 5 K in the expanded low-
frequency region. The dash-dotted line depicts Drude contribution. The Lorentz
contributions are shown in gray. It is seen that the spectra at 5 and 40 K are nearly
indistinguishable. It can be explained by the small fraction of the SC phase in the
samples under study. The model parameters (plasma frequencies, scattering rates and
oscillator strengths) were obtained. For the Drude contribution at 40 K the optical
conductivity, scattering rate, and plasma frequency for (Nag 33K 33Rbg33)0sF€2Se; are
6o=81 Q" em™, y=282.5 cem’, and oy = 634 cm’, respectively.

The work is supported by RSF project no. 22-72-10082P.
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Vortex state in a topological superconductor RbZnBi

A.R. Prishchepa, A.V. Sadakov, A.I. Shilov
P.N. Lebedev Physical Institute, Russian Academy of Sciences

The compound RbZnBi, according to quantum mechanical calculations, may
be a non-trivial topological material exhibiting superconducting properties [1-2].
Compounds of this class are extremely interesting for fundamental research. It also
can find applications in spintronics and quantum computing [3].

Samples of RbZnBi were prepared using the following method. Metallic Rb,
Zn, and Bi were placed in an alumina crucible in a molar ratio of 1.5:1:1. The
crucible was sealed in a protective niobium container to prevent the interaction of
alkali metal vapors with the walls of the quartz ampoule and to avoid shifting the
composition of the melt from the initial one. To protect the container from oxidation
at high temperatures, it was placed in a vacuum-sealed quartz ampoule. The resulting
assembly was then placed in a muffle furnace and heated to a temperature of 800 °C
over 9 hours, after which it was held at this temperature for 24 hours and then cooled
at a rate of 2 °C/h to a final temperature of 400 °C, after which the furnace was
turned off.

We conducted systematic studies of the vortex state using two experimental
facilities. One was a dilution refrigerator in the temperature range from 100 mK to 1 K
in magnetic fields from 0 to 1 T. The other was the CFMS-16 cryostat in the temperature
range from 1.6 to 5 K in magnetic fields from 0 to 16 T. Measurements of IV-
characteristics were made while varying the magnetic field at fixed temperatures.
Additionally, resistive measurements were conducted in magnetic fields.

The obtained experimental data were approximated within the framework of
the vortex glass theory [4]. An experimental phase diagram was obtained.

At temperatures close to , a phase transition from the vortex liquid state to the
vortex glass state was detected, and its dimensionality was investigated.

107



Properties of superconductors and quantum/topological materials

According to the experimental data, no dissipationless transition was detected
at temperatures up to 350 mK and fields from 0.5 to 1 T. This fact indicates that the
vortex system does not transition into a vortex glass state similar to highly anisotropic
cuprates [5].
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Vortex matter and strong pinning in underdoped PrFeAs(O,F)
with regularly distributed atomic-sized defects
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We present a comprehensive investigation of the field-dependent critical
current density and pinning force, combined with a detailed analysis of the
nanostructural defect landscape in single crystal of underdoped PrFeAs(O,F)
superconductor. Our study demonstrates that for both in-plane and out-of-plane
magnetic field orientations critical current density exhibits a strong pinning regime in
intermediate fields across the entire temperature range. Scanning transmission
electron microscope studies reveal that O/F substitutional defects form a periodic
arrangement of alternating fluorine and oxygen atoms within the lattice.

The behavior of the critical current density was systematically studied as a
function of temperature, magnetic field strength, and field orientation with respect to
the crystal planes. It was demonstrated that the critical current density exhibits
remarkably similar trends for both magnetic field orientations, revealing distinct
regimes: single-vortex pinning, strong collective pinning, a second magnetization
peak associated with the onset of vortex elasticity, and a crossover from elastic to
plastic deformations of the vortex lattice.

Point defects provide the dominant contribution to the pinning. Quantitative
analysis estimates the concentration of these defects to be 0.59/cell. HR STEM
studies further identified these point defects as localized regions of oxygen-to-
fluorine substitution, forming a periodic arrangement of alternating fluorine and
oxygen atoms within the lattice.
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Non-equilibrium superconductivity in nanowires InAs/Al
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We examine superconducting Al/InAs nanowire islands in non-equilibrium
near collapse, focusing on the order parameter. Two approaches create non-
equilibrium: transport current or phonon heating via a mesoscopic heater. The two-
temperature model describes transport current-induced critical power (Pc) with
equilibrium energy distribution function and minor non-equilibrium (tiny hysteresis),
while heater-induced collapse requires different analysis. We calculate the collision
integral with all phonon processes to estimate Pc. The phonon absorption is
suppressed below a some current limit, but for some samples showing increased
P with an increase to this limit current.

We investigate the properties of superconducting islands formed by epitaxial
Al/InAs nanowires, which are a type of semiconductor-superconductor-
semiconductor structure that is in a state of strong non-equilibrium near the collapse
of superconductivity. We are interested in the order parameter, which reduces to
problem of finding the energy distribution function of the superconductor. In the
calculation, a type of non-equilibrium additive to the equilibrium energy distribution
function is proposed.

There are two ways for creating a non-equilibrium state in a superconductor:
passing a large transport current through the nanowire or heating the nanowire to a
critical temperature. For the second way, we have developed a mesoscopic heater that
touches one end of the nanowire. When current is passed through the heater, electrons
cannot pass from the heater to the nanowire, but phonons can, creating a flow of non-
equilibrium phonons into the superconductor.

As was found in experiments with transport current, electrons trapped in a
superconducting island spend more time in electron-phonon relaxation [1]. As a
result, the electronic subsystem heats up to a critical temperature. A two-temperature
heating model is used as a basic proposal for the superconductivity collapse model
[1-3]. It separates the heating of the electronic and phonon subsystems, and the Joule
power released at the moment of superconductivity collapse obeys from the heat

balance equation 7.V, ~T’-T,. Here, T, is the constant bath temperature,

T, =T, is the electron temperature in the island, increasing to 7¢ with increasing
transport current to /c. The model well describes the collapse of superconductivity
caused by transport current. Regarding the issue of the energy distribution function in
the island, we assume it to be close to equilibrium. The presence of a small fraction
of non-equilibrium quasiparticles in the island is confirmed by the fact that the
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transition of the island between the superconducting and the normal state relative to
the direction of the transport current sweep has a tiny hysteresis. We consider non-
equilibrium as a small addition to the Fermi-Dirac equilibrium function in the form of
a step. Which allows us to describe the hysteresis and gives the bistability of the
order parameter relative to T, similar to [4]with the hysteresis relative to
the applied voltage.

However, the two-temperature model is not applicable to the case of a
mesoscopic heater, as observed when measuring the critical power from simultaneous
heating by transport and heater current. Measurements of the noise temperature [5] of
the nanowire show that heating due to the heater current destroys superconductivity
at a heater temperature equal to T¢. To estimate the critical power, we calculate the
collision integral. In a non-equilibrium addition to the thermalized energy distribution
function, we take into account all possible phonon absorption and emission processes.
We also investigate the collapse of superconductivity in a magnetic field parallel to a
nanowire. In fields of less than 20 mT, we observe a feature in the small currents of
the heater. There is a clear limit to the heater current below which the island’s ability
to absorb a flow of non-equilibrium phonons is suppressed. And for several samples,
an increase in critical power is observed with increasing heater current up to this limit
current, which can be interpreted in terms of the Eliashberg effect.

Our experiments with Al/InAs nanowires have revealed a diverse range of non-
equilibrium phenomena in the superconducting state that cannot be fully explained by
simple models based on electron-phonon thermalization.
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Theoretical analysis of interplay between WSe, moire bilayer
geometry and its electronic structure

M.A. Vysotin, V.I. Kuz’min, S.G. Ovchinnikov

Kirensky Institute of Physics, Federal Research Center KSC SB RAS, Krasnoyarsk, 660036 Russia

The moire superlattices of transition metal dichalcogenides are one of the most prospective
Hubbard model simulators and are able to reproduce a wide variety of phenomena, including
correlated phases and superconductivity. In this work, the interplay between the electronic structure
and geometrical parameters of t-WSe, moire, a prominent twisted bilayer system, is investigated
through density functional calculations. The impact of computational procedures of finding the
equilibrium geometry on the band structure is studied. The possibility of switching between
hexagonal and trigonal topology of the valence band maximum via in-plane strain is shown.

In the last decade, the moire superlattices of transition metal dichalcogenides
have been proven to be a versatile instrument for studying novel electronic properties
in low-dimensional materials [1]. The wide spectrum of phenomena that could be
investigated with such systems include flat bands, spin-valley locking, correlated
phases and unconventional superconductivity. While some parameters of the system
cannot be directly adjusted experimentally, for example the out-of-plane
displacement field cannot be changes without shifting the level of doping, adequate
theoretical models are of great importance for further studies.
The peculiarities of moire electronic properties come form a spatial modulation of the
carrier potential inside of one TMD monolayer by the proximity of the atoms from
the other monolayer [2]. However, since full relaxation of the bilayer structure is a
computationally-demanding task, several studies are limited to relaxation of only the
interlayer distance. In those cases the layers remain planar and do not acquire a long-
wave corrugation, which may cause effects comparable to the potential modulation
by the adjacent layer. Therefore, the applicability of such a simplification is yet to be
investigated. In this work, we employ density functional calculations of twisted
WSe,; bilayer moires to study how the changes in the layer geometry affect the
electronic structure of the system.

The calculations of twisted WSe, moires with different angles show a common
trend for bigger corrugation amplitude for smaller angles with undulation in each
layer up to 0.21 A for the angle of 5.6°. Compared to the planar bilayer structure, the
fully-relaxed 5.6° moire exhibit different topology of the upper subbands of the
valence band maximum: during the geometry optimization the trigonal-type
dispersion switches to hexagonal-like. The same behavior can be observed if in-plane
strain is applied to the moire bilayers of different angles. Besides some changes in the
widths of the subbands, the general trend is that the set of hexagonal-like subbands
are shifted upwards upon simultaneous extension of the WSe, layers. This effect
gives an opportunity for strain engineering of the electronic properties, which may
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greatly enhance the potential of such systems for application in sensors and other
fields.
This work was supported by RSF grant 24-12-00044.
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Superconducting photocurrents induced
by structured electromagnetic radiation
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We develop a phenomenological theory describing the interaction between a
superconducting condensate and a Bessel beam of structured light carrying orbital angular
momentum. Extending previous approaches based on the time-dependent Ginzburg-Landau
theory and Maxwell’s equations, we calculate the photo-induced current at zero frequency
and at the second harmonic. Contributions include the inverse Faraday effect, photon drag
of Cooper pairs, and the ponderomotive force. Using the London equations, we determine
the compensating Meissner currents and the resulting magnetic field at the superconductor's
surface. The results are presented for both a half-space and a thin-film geometry.

The interaction of electromagnetic radiation with various forms of condensed matter—
such as metals, semiconductors, and plasma—has been extensively studied and remains a
topic of ongoing interest. The aim of the present work is to develop a phenomenological
theory describing the interaction of the superconducting condensate with a Bessel beam of
structured (twisted) light possessing a nonzero projection of the angular momentum m.
Issues related to the interaction of light with matter have been extensively discussed
previously for metals, semiconductors, and plasma. In particular, in the recent work [1], the
authors calculated the contributions to the current induced by a Bessel beam in a
semiconductor layer. In the context of superconductors, one of the first works in this area
was [2], where the interaction of a superconductor with a plane wave was considered. Our
work is a direct continuation and generalization of [2] to the case of Bessel beams.

Using the time-dependent Ginzburg-Landau theory and Maxwell’s equations in a
superconductor, we have calculated the photo-induced current at zero frequency, as well as
the current at the second harmonic. The photocurrent at zero frequency contains such typical
contributions as the inverse Faraday effect, the effect of Cooper pairs dragged by photons,
and the ponderomotive force.

Using the London equations, we have also computed the compensating Meissner
currents at zero frequency. Taking these currents into account, we have calculated the
magnetic field at the surface of the superconductor, which is an experimentally measurable
quantity. The results for a superconducting half-space have been extended to the case of a
thin film.

This work was supported by the Russian Science Foundation (Grant No. 25-12-00042).
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R&D on superconducting NbTi coaxial cables for quantum computers

LM. Abukhanov, M.V. Alekseev, A.G. Silaev, M.M. Potapenko,
M.V. Krylova, D.V. Sokolovsky, A.S. Tsapleva, S.A. Shevakova,
U.A. Markina, V.I. Tkachenko
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Superconducting coaxial NbTi cables 0.8-2.5 mm in diameter are important
elements for quantum computers construction. Using of the superconducting NbTi
alloy in coaxial cables provides low energy losses while signal transmission and low
thermal conductivity, which decreases heat gain and therefore enhances duration of
the qubit quantum state. Such coaxial cables can be applied in any devices where low
energy losses and low thermal conductivity are important.

In the report the results of R&D on superconducting coaxial cables for
quantum computers are presented. The results of manufacture regimes develogment,
mechanical properties and structure investigations of NbTi wire (inner conductor)
and NbTi capillary tube (outer conductor) are shown.

Today, superconductors are finding more and more applications in many areas
of science and technology, including transport and energy imfrastructure, medicine,
various equipment for physical and chemical research, as well as in experimental
installations for thermonuclear fusion. The properties of superconducting materials
also make it possible to find applications, for example, in magnetic suspension trains,
transformers, generators, motors and energy storage devices, as well as in devices
based on the phenomenon of nuclear magnetic resonance. In the near future,
superconductors may become widespread in many other areas, one of which is
computing technology, in particular, developments in the field of quantum
computers. [1]. The main potential advantage of quantum computers over modern
computers 1s a significantly higher computing speed, which opens up new
opportunities for physical modeling, cryptography, research in the field of artificial
intelligence, etc.

As for the components of such devices, one of the most important elements of
a quantum computer can be cables based on superconducting materials, in particular,
coaxial type, since they have greater noise immunity and relatively low energy losses.

The main problem of cables of this type, in particular, based on
suEerconducting materials, is the complexity of manufacturing components of such
cables. During the manufacturing process, semi-finished products are subjected to
multiple drawing, that is, to high degrees of deformation. In addition, they are also
subjected to intermediate heat treatment between drawing processes. Therefore, it is
necessary to establish the degree of influence of deformation and heat treatment on
‘([ihe mechanical characteristics of semi-finished coaxial cables at each stage of

rawing.

In accordance with this, the purpose of this work is to study the influence of
deformation and intermediate heat treatment on the mechanical properties and
structure of Nb-Ti semi-finished coaxial cables.

The paper presents data on the mechanical properties and structure of Nb-Ti
semi-finished products, and analyzes the influence of deformation and heat treatment
on the obtained properties and structure of Nb-Ti semi-finished products.
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Domain wall superconductivity in van der Waals structures
with ferroelectric ordering
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We suggest a model describing the interplay of ferroelectric and superconducting order parameters
in van der Waals structures. The model assumes the presence of the interlayer superconducting
correlations affected by the relative shifts of the energy bands caused by spontaneous polarization
oriented perpendicular to the layers. Accounting for the interlayer tunneling we study the
superconductivity nucleation at the ferroelectric domain walls and the depairing effect of an
external magnetic field parallel to the layers both for spin-singlet and spin-triplet interlayer Cooper
pairs.

Recently there has been huge interest in the physics of low-dimensional van
der Waals structures, and one possible reason for this interest is the possibility of
controlling various types of ordering (superconductivity, ferroelectricity) through the
electric field effect. This work demonstrates that the structure of superconducting
correlations in van der Waals systems significantly depend on the nonlocal nature of
electron attraction, which can lead to the formation of Cooper pairs composed of
electrons localized in different layers of a hybrid structure [1-5]. These issues are
explored for a model bilayer system in the presence of tunneling and relative shifts of
the energy bands in the layers caused by spontaneous polarization oriented
perpendicular to the layers [6].

We found that for a stepwise relative band shift, there exist superconducting
states, which are localized at such a domain wall and have critical temperature higher
than uniform superconducting state. It is shown, that the tunneling between the layers
strongly modifies the system phase diagram suppressing the domain wall
superconductivity. We also show that the in-plane magnetic field can suppress the
tunneling between the layers providing a specific depairing mechanism for interlayer
pairing. Joint impact of the orbital and the Zeeman pair breaking effects is discussed
for spin-siglet and spin-triplet interlayer supeconducting correlations.

The obtained results are discussed in the context of recent experimental data on
the coexistence of ferroelectricity and superconductivity in van der Waals bilayers [7, 8].

This work has been supported by the Russian Science Foundation (Grant No.
25-12-00042).
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Induced superconductivity in organic polymer
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Polydiphenylenephthalide (PDF) belongs to the class of carbocyclic organic electroactive polymers,
which exhibit electric conductive properties when an external electrostatic field and/or mechanical
stress is applied. Being sandwiched between two massive superconductors, a thin film of PDP
demonstrates features that can be explained by the effect of induced superconductivity. An
extensive microscopic analysis reveals no signs of trivial metal-to-metal shortcuts. The mechanism
of the effect is still under debates.

Polydiphenylenephthalide (PDP) in the ground state is the wide-band
dielectric, but can exhibit high electric conductivity under the influence of external
parameters as mechanical stress and/or electric field [1]. The effect is interpreted as
stimulation of metallic state [2].

In a number of experiments, it has been demonstrated that sandwiches
superconductor — PDP — superconductor with sufficiently thin layer of the polymer
(let say, below 400 nm) reveal R(7) and WV(I) dependencies typical for a
superconductor [3-5]. The same effect has been demonstrated with varios electrode
materials (Sn, Pb, In). Tin and lead films were fabricated using thermal evaporation,
while cold rolling has been used for indium samples. Magnetic filed, parallel to the S-
PDP-S sandwich plane, effectively quench superconductivity. The critical current /.
expectedly decreases with increase of parallel magnetic filed B, while no regular (e.g.
Fraunhofer-type) structure /.(B) has been observed, which otherwise might indicate
the existence of Josephson loops with commensurate areas. Numerous SEM an TEM
studies to reveal trivial metal-to-metal shortcuts failed. Previous AFM studies of PDP
film on top of a normal metal demonstrated no structural (topological) defects on
polymer surface, while STM analysis of the same samples revealed microscopic
domains with higher local conductivity, induced by the proximity with metal. All
these observations allow one to suggest that a non-trivial universal phenomenon is
involved. However, so far universally accepted model of the phenomena does not
exist.

This work was supported by the «Mirror Laboratories» project «Quantum
effects in low-dimensional hybrid nanostructures» of the HSE University and M.
Akmullah Bashkir State Pedagogical University.
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Robustness of nematic superconductivity
in Sr,Bi,Se; to magnetic doping

M.I. Bannikov, Yu.G. Selivanov, V.P. Martovitsky, A.Yu. Kuntsevich

P.N. Lebedev Physical Institute of the Russian Academy of Sciences, 119991 Moscow, Russia,
National Research University Higher School of Economics, 101000 Moscow, Russia

This work studies iron doping in the classical nematic superconductor
Sr,Bi,Se;. Superconductivity is suppressed for an atomic fraction of Fe about 0.2%.
At lower Fe concentrations, the superconducting critical temperature and nematic
anisotropy remain unchanged. Magnetization measurements confirm Fe-induced
paramagnetism. The crystal structure (lattice parameter c¢) and transport properties
evolve smoothly with Fe co-doping, indicating uniform incorporation of Fe into the
crystal matrix and demonstrating no direct link between superconductivity
suppression and the magnetic nature of impurities. The influence of iron on
superconductivity appears to be due to structural transformation.

Doping layered topological insulator Bi,Se; with Sr leads to emergence of odd-
parity superconducivity with two-component order parameter unconventional in
sense of its pairing mechanism, topological invariants and nematic nature i.e.
spontaneous breaking of crystal lattice symmetry in the external magnetic field
applied within the basal plane. One of the largely unexplored topics in the field of
topological superconductivity is the possible interplay between nematic and magnetic
ordering.

To address this issue, we grew a series of high-quality single crystals with
nominal composition (FeSe), + Sr,Bi,Se; (0 < x < 0.06, y = 0, 0.06, 0.15) using a
modified Bridgman method. To establish the crystal lattice type, detect possible
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impurity phases and determine the lattice parameters (@ and c¢) we performed XRD
measurements. To track the superconducting transition temperature (7.), carrier
concentration, and mobility we performed transport measurements in a wide
temperature range from 0.3 to 300 K and in magnetic fields up to 16 T. Angular-
dependent magnetoresistance measurements were performed to confirm the
preservation of the characteristic two-fold anisotropy in the superconducting state.

XRD analysis confirmed the tetradymite crystal structure and absense of
inclusions of other phases. The c-axis lattice parameter is systematically decreasing
with Fe content, directly opposing the known effect of Sr doping, which expands the
lattice. This indicates that Fe most likely intercalates into quintlayers and not in the
Van-der-Waals interlayer gap. The resistivity of all crystals decreases with decreasing
temperature, saturating around 10-20 K. All grown crystals are n-type with electron
densities in the order of 10 cm ™. A significant increase in carrier mobility at low Fe
concentrations indicates that Fe incorporation actually reduces crystal disorder, ruling
out simple defect-based scattering as the primary suppression mechanism. Low-
temperature electrical transport measurements revealed that superconductivity is
gradually suppressed with increasing Fe content. The superconducting transition
broadens, the volume fraction decreases, and complete suppression of
superconductivity occurs at an atomic Fe concentration of ~0.2%. Crucially, in
samples that remained superconducting, the nematic character of superconductivity
was entirely intact. The hallmark “figure-eight” anisotropy in angular
magnetoresistance and the large anisotropy in the upper critical field were
unchanged, demonstrating the robustness of the nematic order parameter.

Based on the presented evidense we conclude that the suppression of
superconductivity is structural, not magnetic, in origin. We believe that strontium
dopants expand the crystal lattice and create a specific local environment conducive
to superconductivity. Iron dopants, likely occupying different crystallographic sites,
contract the lattice (c-axis) and disrupt this precise environment. Superconductivity
vanishes when the structural changes—quantified by the reduction in the c-parameter—
return the lattice toward its non-superconducting, undoped state. This model is
consistent with previous studies where non-magnetic dopants like Cu and Ba also
suppressed superconductivity via similar structural perturbations.

This work was supported by the Russian Science Foundation, project no. 23-
12-00340 «Electronically Switchable Superconductivity in Layered Materials: from
Concepts to Devicesy.
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Novel high-entropy superconductor (Nag,;Kg,Rbg,Sr,Bag,)Fe,As,

A.D. Denishchenko, V.A. Vlasenko, K.S. Pervakov

P.N. Lebedev Physical Institute, Russian Academy of Sciences, Moscow

A polycrystalline high-entropy superconductor of the 122 family (Nay2Ko,Rbg2Sro2Bag2)FesAs,
was synthesized using the mechanical alloying method, the phase composition confirmed by X-ray
diffraction analysis. The superconducting transition temperature is 10.8 K. According to magnetic
measurements, only one superconducting phase is present in the sample.

Currently, the “high-entropy” approach to the synthesis of new compounds is
rapidly developing. Its main concept is to create multicomponent solid solutions with
high configurational entropy. Compounds with configurational entropy (Scons > 1.5R)
that are formed from five or more elements with equimolar or near-equimolar atomic
ratios in the one crystallographic position are called high-entropy compounds (HECs)
[1-3]. During research on HECs, many unique properties were identified in these
compounds, which were not the sum of the properties of the “basic” compounds that
make up the high-entropy compound, but rather their individual properties. The
presence of such properties is associated with the emergence of four main HEC
effects: the high-entropy effect, the crystal lattice distortion effect, the delayed
diffusion effect, and the “cocktail” effect [1, 4].

A polycrystalline sample of a high-entropy superconductor (HES) of the 122
family was synthesized by mechanical alloying from the starting metals: Na (99.9%),
K (99.5%), Rb (99.9%), Ba (99.8%), Sr (99.9%), Fe (99.9%), As (6N), and Fe,As.
The Fe,As precursor was pre-synthesized from simple substances Fe (99.9%) and As
(6N), for which the sample was sealed in a quartz ampoule and heated up to 900°C
and held for 24 hours. Mechanical alloying was carried out in a CryoMill vibrational
mill. After processing, the finely dispersed powder was pressed into pellets, which
were then loaded into alumina crucibles. The crucibles with the pellets were sealed in
steel containers and heat treated. Heat treatment was carried out in two stages with
intermediate homogenization. The first annealing was carried out at a temperature of
700°C with a holding time of 4 hours at a heating rate of 700°C/hour, and cooling
was carried out with the furnace turned off. The second annealing was carried out
using thermal shock: heating to 700°C with a holding time of 3 hours, followed by
relaxation to 600°C and a holding time of 12 hours. All operations, except for
mechanical alloying and annealing, were carried out in a glove box with an argon
atmosphere (O, and H,O content less than 0.5 ppm).

X-ray diffraction analysis of the obtained samples was performed by a Bruker
D2 Phaser diffractometer using CuKa radiation in the angle range 20 = 10-80° in an
argon-filled sealed cuvette. Dynamic magnetic susceptibility measurements were
performed on a PPMS-9 (Quantum Design) instrument in a zero constant magnetic
field (Hpc = 0 T) with a modulation amplitude of Hyc = 5 Oe and a frequency of v =
377 Hz.
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X-ray diffraction analysis was performed to evaluate the phase composition of
the obtained sample. According to its results, two phases were found in the studied
sample: a solid solution of high-entropy superconductor composition
(Nag,Kg,Rbg,Srg,Bag,)Fe,As, and an impurity phase FeAs. The structure model
obtained in the Vesta Crystallography program and the experimental diffraction
pattern are shown in Figure 1(a and b). The resulting diffraction pattern contains no
reflections corresponding to possible parent 122 phases that could form from the
initial components, indicating the formation of a single solid solution with a random
distribution of alkali and alkaline-earth elements in the Wyckoff 2a position. The
parameters of the unit cell of the resulting solid solution
(Nag Ko ,Rbg,Srg,Bag,)Fe,As, were determined using the relationship between
Miller indices and interplanar space for tetragonal crystal system from
crystallographic planes (002) and (103). The obtained lattice parameters were a =
3.8742 A, c=13.6184 A.

Figure 1. a) X-ray diffraction patterns of (Nag2Ko2RbgoSrg2Bag2)FesAsy solid  solutions;
b) Temperature dependences of in-phase (') part of AC magnetic susceptibility.

Magnetic studies were carried out with a PPMS-9 Quantum Designed to
investigate superconducting properties. The figure shows a plot of the temperature
dependence of dynamic magnetic susceptibility for (Nag,Kq,Rbg,Sry,Bag,)Fe,As,.
The %(T) curve of the synthesized sample clearly shows a sharp transition to the
superconducting state at T¢ = 10.8 K. The superconducting transition signal reaches a
plateau with pronounced signal shielding, indicating the high homogeneity of the
resulting superconducting phase.

This work was supported by the RSF project #23-12-00307 and performed
using LPI Shared Facility Center equipment.
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The paper [1] presents calculations of the electronic structure of the compound CaSn:As.. These
calculations demonstrate that, when spin-orbit interaction is taken into account, this material is
topologically nontrivial and can exhibit the properties of a topological insulator. Currently, there is an
absence of research focusing on the synthesis, growth of single crystals, and the study of the physical
properties of this compound. This underscores the significance of acquiring this compound for research
purposes. In this study, the synthesis of the charge for the growth of single crystals of the compound
Cal22 was conducted, and the growth of single crystals of this compound was subsequently achieved.
The elemental composition of the single crystal surface was investigated, and it was found that the
composition of the single crystal within an error coincides with the target composition. Diffraction
patterns in the [001], [010], and [100] directions were obtained. The crystal structure of the compound
CaSmzAs: was determined to be in trigonal syngony in the space group R3'm with cell parameters a =
4.1503(13) A and ¢ =26.049(11) A, and with R = 6.18%, wR = 14.23%,

In the study presented in [1], electronic structure calculations of the compound
CaSn2As: were performed. These calculations showed that this material is
topologically non-trivial when the spin-orbit interaction is taken into account and
exhibits properties corresponding to those of a topological insulator, in accordancy to
the properties exhibited by other compounds of this family previously studied in [2,
3]. Currently, there is no data on research focused on the synthesis, single crystal
growth, and physical properties of this compound, which underlines the importance
of obtaining this compound for further study.

In this research, a starting material mixture for crystal growth of a
topologically non-trivial material with a nominal composition of CaSnzAs: (Cal22)
was prepared by mechanical alloying. Single crystals of the compound were grown
from the obtained powder in several stages, and their investigations were carried out.

The first stage of the process is the synthesis of the SnAs precursor. The
elements tin (99.99%) and arsenic (99.999%) in the metallic form were sealed in a
quartz ampoule in a 1:1 ratio and then annealed at a temperature of 620°C. The
obtained SnAs compound was then mixed with metal Ca (99.999%) in a ratio of 2:1,
the resulting mixture was then grinded in a vibrating mill, after which the powder was
pressed into pellets and then heated in a quartz ampoule for 168 hours.

The growth of CaSn:As. was carried out by means of a modified Bridgman
method from the self-flux of the native SnAs component in a molar ratio of Cal22
and SnAs powders equal to 1:2. The mixed powders were embedded into corundum
crucibles, which were then loaded into a quartz ampoule. The process of growth was
divided into multiple stages, beginning with heating to 1150°C, followed by holding
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at this temperature for 12 hours. Then it was gradually cooled down to 900°C, and
ultimately, rapidly cooled down to room temperature. The ampoule was opened in an
argon box to prevent oxidation of the obtained material. This revealed crystal
aggregations in the flux. Following mechanical cleaning of the flux, single crystals of
maximum size equal to 2 mm were found out (Fig. 1A).

The surface of single crystals was investigated using a SEM and energy-
dispersive spectroscopy, which revealed the presence of terraces, that indicates the
layered structure of the compound (Fig. 1B). The distribution maps of Ca, Sn, and As
on the surface demonstrate an even distribution of all elements (Fig. 1G-E). The
molar ratio of elements was calculated from the total spectrum of the map, revealing
an approximate value of Cagg72)Sn;994)AS2.044). This result, within the established
error limits, corresponds to the required composition.

The crystal structure of the sample (Fig. 1C) was established by X-ray
diffraction analysis of a single crystal measuring 0.1 x 0.1 mm’. Diffraction patterns
in the [001], [010], and [100] directions are presented in Fig. 1J-I. The crystal
structure of the CaSn:As. compound was determined to be in trigonal symmetry in
the space group R3'm, with cell parameters a = 4.1503(13) A and ¢ = 26.049(11) A,
and with R = 6.18%, wR = 14.23%. The obtained structure is consistent with the
structures of other compounds in this family [2, 4, 5] and matches the structure
calculated in [1], suggesting the successful synthesis of the desired compound.
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Synthesis of stoichiometric superconductors
KCa,Fe As,F, and RbCa,Fe As/F,

A.A. Gippius, V.A. Vlasenko, S.Yu. Gavrilkin, K.S. Pervakov

P.N. Lebedev Physical Institute of the Russian Academy of Sciences

Polycrystalline samples of composition KCa,FesAssF, and RbCa,FesAssF, were synthesized using
mechanical alloying. The composition was characterized by powder X-ray diffraction, the unit cell
parameters were refined by Le Bail method in the space group 14/mmm. It is found that the obtained
sample KCa,Fe4As,F, has unit cell parameters a = 3.8656(4) A, ¢ = 30.997(4) A, and for the sample
RbCa,FesAs,Fy a = 3.86978(18) A, ¢ = 31.6396(14) A. Magnetic properties and transport
measurements were also carried out. The superconducting transition temperatures are 33K and 30K
for KCa,FesAssF, and RbCa,FesAsyF,, respectively.

Fig. 1. (a) Crystal structure of pnictides of the 12442 family (b).

Pnictides of the 122 family, crystallizing in the ThCr,Si, structural type, have
been known for a relatively long time [1], but in 2008, the interest of the scientific
community for these compounds significantly increased due to the discovery of high-
temperature superconductors in this family [2]. In 2016, a new family of pnictides —
12442, was discovered, whose structure can be visualized as a crystallographic
junction of the structures of two families, 1111 CaFeAsF and 122 with an alkali metal
KFe,As, (Fig. 1, a) [3]. This family is interesting because it demonstrates high-
temperature superconductivity (about 30K) at stoichiometric composition.
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In the presented work, polycrystalline samples of composition
KCayFe4As, F, and RbCa,Fe,AsyF, were synthesized using mechanical alloying from
alkali metal, Ca, As, FeAs and FeF;. Using classic solid-state reaction method with
numerous heat treatment of components was unsuitable because of the possibility of
the forming CaFeAsF, KFe,As, and CaF, and takes too much time. On the other side,
using of mechanical alloying allowed to mix all components and it takes about only
30 minutes to increase particles contact area.

All components were placed in 35 ml stainless steel milling jar with 20 mm
steel milling ball in a glove box with an argon atmosphere. The mixture was ground
in cryomill during 30 minutes. Then the resulting powder was pressed into pellets
(diameter 12 mm), placed in an alumina crucible and sealed in a stainless steel
container. It was welded in an argon welding machine, heated in a muffle furnace and
quenched in water.

An excess of alkali metal as well as sintering temperature were found as the
key parameters for the target product yeild: an optimal excesses are 3.1 and 11.7 mol
% for KCa,Fey As,sF, and RbCayFe As,F,, respectively, the sintering temperature for
KCa,Fe,AsyF, was 930-950°C, for RbCa,Fe As,F, — 800-820°C. Another important
parameter of the synthesis was quenching: both samples were quenched in iced water.
Deviation from the optimal parameters led to the decomposition of the target
compound 12442 to 1111 and 122 compounds.

The composition was characterized by powder X-ray diffraction, the unit cell
parameters were refined by Le Bail method in the space group /4/mmm. It is found
that the obtained sample KCa,Fe;As,F, has unit cell parameters a=3.8656(4)A,
¢=30.997(4)A, and for the sample RbCa,Fe;As,F, a=3.86978(18)A, c=31.6396(14)A.

Magnetic properties (Fig. 1, b) and transport measurements were also carried
out [4]. The superconducting transition temperatures are 33K and 30K for
KCa,FesAs,F, and RbCa,FesAssF,, respectively. Up to date, the work on the
synthesis of a polycrystalline sample of CsCa,Fe;As F,, as well as on the crystal
growth of representatives of this family is in progress.

This work was supported by RSF grants 23-12-00307.
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Properties of graphene placed on an array of superconducting islands

V. Ievleva, A. Kuntsevich, V. Prudkoglyad, A. Prishchepa
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Starting from 2012 [1] there have been several publications where an array of
superconducting islands was placed on graphene to form a graphene josephson
junction array. Below the critical temperature of separated islands there take place a
BKT transition [2] when the graphene resistance disappears due to proximity effect,
superconductor to insulator transition (SIT) near the neutrality point of graphene and
re-entrace of superconductivity in magnetic field greater than critical [3].
Importantly, electrically controlled SIT makes graphene josephson junction atrray a
possible superconducting transistor, so this system is interesting both for fundamental
research and practical investigation.

The most commonly used superconductor for creating the graphene josephson
junction array is tin [1, 3, 4]. Unlike most of the metals, tin has high wettability to the
graphene and can be evaporated on graphene directly without any sublayer.

In this research, we propose a technological route of fabricating rhenium
graphene josephson junction arrays, where graphene is placed atop of islands through
dry hot transfer method. Rhenium is a chemically inert superconductor and does not
oxidize in the air [5], therefore, it is possible to create a transparent interface between
rhenium islands and graphene transferred on top of it. Besides, the critical
temperature (7)) of micron sized islands is usually suppressed comparing to the 7, of
bulk material, while the T, of rhenium amorphous thin films reaches 6-7 K [5], which
is several times grater than the T, of rhenium crystal (1.7 K) [6] and this makes
rhenium highly compatible with nanolithography.

We fabricate an array of rhenium islands in a matrix of hexagonal boron nitride
by electron beam lithography, SF6 plasma etching and electron beam evaporation and
transfer graphene under hBN atop. The encapsulated graphene on superconducting
islands is expected to demonstrate greater critical temperature and is compatible with
local gating technology. Through a series of experiments, we show that the system is
fundamentally meta stable.

This work was supported by the Russian Science Foundation, project no. 23-
12-00340 «Electronically Switchable Superconductivity in Layered Materials: from
Concepts to Devicesy.
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Local magnetization and SNS-Andreev spectroscopy
of layered iron-free pnictide superconductor BaPd,As,
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A.V. Sadakov, B.I. Massalimov, S.Yu. Gavrilkin
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It’s been almost 20 years since the discovery of high temperature
superconductivity in iron-based compounds [1]. Nevertheless, the interest of
scientific community towards these materials didn’t fade away due to their
remarkable features. Among all classes of iron-based superconductors, the most
thoroughly studied one is AFe,As, (A = alkaline-earth or rare-earth), also known as
122-system. The reason for this is high transition temperature and wide range of
doping by both holes and electrons.

It was discovered that similar compounds with formula AT,Pn, (A = alkaline-
earth or rare-earth; T = transition metals; Pn = P, As or Sb) and ThCr,Si,-type
structure (I4/mmm) also exhibit superconductivity [2]. While many of them undergo
a superconducting transition at fairly low temperatures, compounds LaRu,Asy,
SrPt,As,, LaRu,P, and BaPd,As, have a relatively high critical temperature of 7.8 K,
5.2 K, 4.1K and 3.8 K respectively. Even though BaPd,As,, subject of this paper, is
well-studied [3,4], experimental evidence of specific type of gap symmetry in this
compound is still lacking.

The purpose of this work was to try and shed light on symmetry of
superconducting order parameter in BaPd,As,. To achieve this, single crystals of
BaPd,As, with sharp superconductor transition at 7,=3.7 K were studied by means of
local magnetization with a two- d1mens1ona1 electron gas-based micro Hall sensor
with an active area of 50x50 pm’in order to measure lower critical field in
temperatures down to 10 mK. Several models were used to fit the temperature
dependence and determine possible gap symmetry: isotropic and anisotropic s-wave,
d-wave and s-wave with two gaps. We found that experimental results clearly deviate
from conventional s-wave curve, while anisotropic s-wave and two-gap models
reproduce results pretty well.

The goal of the next step was to directly investigate the value of the
superconducting gap. Samples were also studied by means of break-junction
technique on clean cryogenic cleavage. Intrinsic multiple Andreev reflections effect
(IMARE) spectroscopy was preformed to obtain value and structure of the energy
gap. We cleaved the sample, scanned over a hundred of contacts with varying sample
banks distance and examined temperature behavior of the spectra. Our data shows a
single energy gap with a value A=0.64 mEv, which means that characteristic
2A/T, ratio equals 4.12, that is much larger than for conventional superconductors.
That value is close to iron based Ba-122 and suggests strong electron-boson
interaction.
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Three-Gap Superconductivity in LiFeAs
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Using incoherent multiple Andreev reflection effect (IMARE) spectroscopy, we
unambiguously show three distinct superconducting (SC) order parameters in LiFeAs
pnictides, with an extended s-wave symmetry. We present IMARE data on the SC gaps
temperature dependence, their characteristic ratios and the level of anisotropy as well.

Alkali-metal LiFeAs pnictides show optimal SC properties in the
stoichiometric composition with 7, ~17 K, whereas any electron substitution rapidly
decrease the critical temperature [1]. With it, LiFeAs is fully nonmagnetic and shows
no Fermi surface nesting [2]. Due to the alkali metal, the LiFeAs-family pnictides
rapidly degrade in presence of even trace amounts of water vapor and oxygen, thus
strongly complicating any experimental probing of its properties.

Single crystals of alkali metal based LiFeAs pnictides (the 111 family) were
grown using “self-flux” technique [3-5]. At T=4.2 K, Andreev junctions of SnS-type
(s — superconductor, n — thin normal metal) were formed using planar “break-
junction’” technique [6]. Here, we present a comprehensive study of the SC order
parameter of LiFeAs single crystals using IMARE spectroscopy of SnS-junctions
(direct local probe).

Below T, we show a multiple-gap superconductivity and determine the magnitudes
and characteristic ratios of the three SC order parameters: the largest one A, the middle
SC gap A,, and the small SC gap A, [3-5]. Considering the IMARE data within the
classical models [7, 8], we conclude an observation of a minor k-space anisotropy with
nodeless extended s-wave symmetry. Experimentally, we directly determined the extrema
A" and A™ of each anisotropic SC order parameter being the minimum and the
maximum Cooper pair coupling energies in dependence of the momentum direction in the
related bands. The SC gap anisotropy is estimated as 4 =100x(1-A’ /A’")-100% . The
resulting values are 4. =10%, 4, =~ (30-35)%, and A; ~37%. Such complex SC gap
Andreev structure is reproducibly observed in the obtained dI(V)/dV spectra of SnS-
junctions formed in different LiFeAs from the same batch. We show a bulk nature of the
determined energy parameters A7 (0) and no correlation with the normal resistance of
the junction. Turning to ARPES data [2], one may suppose that A develops at the inner
hole barrel at the I" point of the first Brillouin zone, A develops at the outer hole barrel,

whereas A, — in the electron bands near the M point.
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Temperature dependences of the gap edges A™(T) and A?(T) (i=T,L,S)
directly determined using IMARE spectroscopy are also presented. We estimate a

moderate interband interaction between the three SC condensates in the k-space.
The characteristic ratios are 2A . (0)/k,7T, =7.0-8.2, 2A,(0)/k,T, =3.0-5.0,

and 2A,(0)/k,T ~1.2—2.1 (the ranges correspond to the k-space anisotropy degree).

These values remain almost unchanged along the studied range of the local critical
temperature 7 ~15.0-17.5 K.

Fig. 1. Characteristic ratio of the extrema of three SC gaps anisotropic in the k-space in LiFeAs
versus the local critical temperature of the junction.
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Comparison of the Superconducting Properties
of the Iron Selenides with Isovalent Substitution
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P.N. Lebedev Physical Institute, 119991 Moscow, Russia,
Faculty of Physics, Lomonosov Moscow State University, 119991 Moscow, Russia,
Department of chemistry, Lomonosov Moscow State University, 119991 Moscow, Russia

A,Fe, ,Se; (4 is alkali metal) iron selenides are natural composites, where thin
crystallites of the superconducting (SC) phase grow on the boundaries of bulk
antiferromagnetic (AFM) dielectric crystals. Using incoherent multiple Andreev
reflection effect (IMARE) spectroscopy, we unambiguously show a single-gap
superconductivity of iron selenides with various type of composition, directly

determine the magnitude and the temperature dependence of the SC gap AT we
show a minor strengthen of the Cooper pairing in the ternary (Na,K,Rb).Fe,
43¢, compound as compared to ferroselenides with (Na,K) and (Se,S) isovalent
substitution.

Selenides 4,Fe, ,Se, (4 — Na, K, Rb, the so-called 122-Se family) are natural
composites containing at least two coexisting phases: about 80 of the crystal volume
is occupied by crystals of the AFM dielectric phase Ay sFe;¢Se,, and about 20 — by
crystallites of the metallic 4y3Fe,Se, phase which becomes superconducting below
T.. Tt is known that different types of isovalent substitution differently affect the
critical temperature 7,: thus, even a small substitution of an alkali metal causes a
jump-like 7. change [1], while under (Se,S) substitution, 7, forms a “semi-dome’’
[2]. Due to natural phase separation and rapid degradation of the SC properties in
open air (in several minutes), 4,Fe, ,Se, selenides remain extremely understudied to
date.

In particular, for the compositions considered in the work,
(KosNag2)ooFe sSe; (hereafter KNFS), (Kq3Nag3Rbys)osFersSe; (NKRFS), and
KosFe; 7(Se73S027)2 (KFSS), the topology of the Fermi surface remains unknown,
and there are also no data from other groups on the amount of SC condensates formed
below T..

Using the “self-flux” method, we grew large (up to 8-10 mm) KNFS, KFSS,
and NKRFS crystals with three types of isovalent substitution and the range of
critical temperatures 7, ~25-34 K [3-5]. Using the planar mechanically controlled
“break-junction” technique [6], various types of tunnel structures were created in the
crystals, including Andreev SnS contacts and tunneling ScS contacts (where S'is a
superconductor, ¢ — constriction, and » — thin normal metal).

Using IMARE spectroscopy of SnS-junctions, the magnitude of the SC gap and
its BCS-like temperature dependence were directly determined. We show a bulk
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nature of the detected SC gap, the reproducibility of its magnitude and independence

on the geometric parameters of the SnS-contact (i.e. area and the normal resistance).
The obtained temperature dependences of the excess Andreev current

I, (TY=I(T,eV)—I(T ,eV)ox A(T), taken at a constant bias eV gg 2Delta, are well

described by a single — band BCS — shapeddependence, which agrees with the
theoretical predictions [7] for the IMARE regime. Using tunnel spectroscopy of ScS
contacts, the temperature dependence of the supercurrent /.(7) was obtained, that
could be roughly related to the Cooperpairs concentration. The experimental data [4]
can be fitted with the Ambegaokar—Baratoff formula 7 (T) oc A(T') - tanh[A(T")/ 2k, T]

using the experimental A(T") dependence directly measured by IMARE spectroscopy.
The data obtained by three methods (A(T), /. (T), I,(T)) indicate the

consistency of the results of the used spectroscopic techniques and unambiguously
indicate the implementation of single-gap superconductivity of the studied
ferroselenides.

In KNFS and KFSS, the characteristic ratio was 2A(0)/k,7. ~4.1-4.6,
whereas in NKRFS this value was a bit larger: 2A(0)/k,7. = 4.4—-5.0. All the values
exceed the weak-coupling BCS-limit 3.5, thus indicating strong coupling in the
electron bands.

The similarity of the SC-gap structure and the value of the characteristic ratio
allows us to conclude a similar mechanism of Cooper pairing realized in KNFS and
KFSS. The observed constancy of the 2A(0)/k,T"“ characteristic ratio, i.e. scaling
between 2A(0) and T.indicates a single evolution of the properties of the SC
subsystem of KNFS and KFSS selenides with a critical temperature. Contrary, a
minor strengthen of the Cooper pairing in the ternary NKRFS compound develops, as
compared to ferroselenides with (Na,K) and (Se,S) isovalent substitution.

The work supported by the RSF project no. 22-72-10082P.
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KCa,Fe As,F, single crystal: microstructure, vortex matter
and Andreev spectroscopy
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The single crystals of the new iron — based superconducting layered 12442
family are studied in this work. HRTEM studies (HAADF and EDX mapping Chemi
STEM) show planar defects in the structure. We show, that these defects are
monolayers of CaFeAsF and KFe,As,. Andreev reflection spectroscopy experiment
reveal several distinct temperature dependent energy gap structures. One of these gap
structures have local transition temperature of 7,=28 K (1111) and the other one has
T=34K (12442). We argue that in 12442 system there are at least two different
pinning mechanisms. The strong pinning prevails at higher-temperatures and the
weak prevails at low-temperatures in our system.

The single crystals of the new iron — based superconducting layered 12442
family are studied in this work [1]. The 12442 (KCa,Fe;As,F,) compound is self-
doped, it has a narrow crystallization range and is formed from two phases 1111
(CaFeAsF) and 122 (KFe,As,) [2]. Single crystals of the KCa,Fe,As F, were grown
by “self-flux” method (KAs) [2]. The XRD measurements confirm the high quality of
the crystal with sharp (001) reflections and minimum trace of the second phase.
Magnetic susceptibility measurements show superconducting transition at about 34
K. HRTEM studies (HAADF and EDX mapping Chemi STEM) show planar defects
in the structure. We show, that these defects are monolayers of CaFeAsF and
KFe,As,. Andreev reflection spectroscopy experiment reveal several distinct
temperature dependent energy gap structures. One of these gap structures have local
transition temperature of 7,=28 K (1111) and the other one has 7,=34K (12442). The
critical current density J,. and the nature of the pinning mechanism in these samples
were examined. It was found that the second magnetization peak at 24, 26, 28 K can
be related to pinning of Abrikosov vortices on planar defects. At higher magnetic
fields, the critical current follows a power law behavior J, < H * with 0.3-04+ 0.1 at
higher temperatures (up to 20 K), and following increasing to 1,2-1,5 + 0.1 at low
temperatures. The theory predicts that exponent values a o< H™ 8 and lower, indicates
strong vortex pinning. We argue that in 12442 system there are at least two different
pinning mechanisms. The strong pinning prevails at higher-temperatures and the
weak prevails at low-temperatures in our system.

This research was supported by Russian Science Foundation (Ne 23-12-00307).
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Tunneling spectroscopy was applied to Na(Fe,Co)As and Ba(Fe,Ni),As, single
crystals of underdoped and overdoped compositions (7. = 12-22 K). The dI(V)/dV
spectra of tunneling junctions formed in both compounds show a robust, temperature-
independent nonlinearity that retains well above T, shifts systematically with
electron doping and supposed to disappear near the strongly overdoped regime. The
feature does not directly relate to the SC properties, and cannot be caused by
overheating effect or geometric resonances. The observed non-linearity in dI/dV is
probably attributed to doping-induced renormalization of the normal-state electronic
density of states, possibly driven by nematic fluctuations or specific band-structure
topology of the 122/111 family pnictides.

Ba(Fe,Ni),As, (the 122 family) and Na(Fe,Co)As compounds (the 111 family)
share a layered crystal structure in which superconducting FeAs blocks alternate with
Ba- or Na-planes along the c-axis. In the stoichiometric state both materials possess
long-range antiferromagnetic order (AFM). Electron doping gradually suppresses
AFM and gives rise to a dome-shaped superconducting phase with maximum critical
temperature 7, of 21 K for Ba(Fe,Ni)2Asz and 22 K for Na(Fe,Co)As [1, 2]. Unlike
the 122 family, 111 pnictides display low-T, superconductivity already in
stoichiometric NaFeAs. The Fermi-surface of each compound consists of hole
pockets near the I'-point (which often treated as a single effective pocket) and
electron cylinders near the M-point of the Brillouin zone.
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We studied BaFe,NiAs, single crystals with under- and overdoped
compositions (x =0.06-0.14, T, =12-21 K) together with nominally underdoped
NaFe)970C00021As (T = 22 K). At T =4.2 K, break-junctions of the superconductor—
constriction—superconductor (ScS) type were formed, with a semiballistic
quasiparticle transport [3]. The goal was to analyze the -current—voltage
characteristics (CVCs) and dynamic-conductance spectra dI(V)/dV of the contacts in
both superconducting and normal states.

Below 7. we observed incoherent multiple Andreev reflections (IMARE),
which generate an excess current at any bias eV, accompanied by enhanced Andreev
conductance at zero bias and gap minima for any temperatures up to 7. [4]. In
addition, both CVCs and dI(V)/dV exhibited a non-IMARE nonlinearity that persisted
in the superconducting and the normal state.

For BaFe, NisAs,, a representative shape of this dI(V)/dV nonlinearity is
shown in Fig. la. The positions and form of the features are almost temperature-
independent between 4.3 K and 50 K and remain similar across different doping
levels and T, values. Moving along the doping phase diagram, the energy positions of
the maximum and minimum shift: in the overdoped region (away from the AFM and
nematic phases) both V., and V,,;, decrease. Linear extrapolation towards higher Ni
content predicts that the features should vanish and the dI(V)/dV spectrum should
become linear in a strongly overdoped, non-superconducting composition with
x=~0.22 [5]. Because the nonlinearity is observed in both, superconducting and
normal state, and does not changed at T, these normal-state features are seemingly
not directly linked to the superconducting properties.

In the normal state of NaFeg 970C00.021As the dI(V)/dV spectra display minima at
V1*=26.6 mV and V,* =21.2 mV (arrows in Fig. 1b). Unlike the above mentioned
122-family compounds, the 111-family pnictide shows an additional dI(V)/dV peak at
low biases eV. Noteworthily, such nonlinearity was not typical for overdoped
Na(Fe,Co)As at all.

These normal-state features reproducibly observed for all tunneling contacts,
independent of their normal resistance R,, and cannot be explained by local
overheating effect. We demonstrated that the nonlinear dI(V)/dV shape cannot
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originate from geometric resonances or a specific crystal microstructure (e.g.,
twinning), contrary, characterizes bulk electronic properties of the material [5].

The tunneling spectrum of NcN contact (N — thick normal metal) is known to
depend on the electronic density of states N(E) near the Fermi level [6]. The observed
effect may thus arise from peculiarities of N(Er)' const caused by the band-structure
topology of the 122/111 family pnictides, the presence of nematic fluctuations with
the associated splitting of d,,/d,, iron-orbital bands [7], or a renormalization of N(E)
due to coupling to characteristic bosonic modes [8]. Remarkably, the temperature T =
60 K of dI(V)/dV-spectrum flattering in NaFeg979C0¢021As [9] agrees well with the
temperature of nematic transition determined in [10]. This favors a possible
nematicity-driven origin of the observed effect in NaFe( 979C0¢ 021 AS.
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High-performance amorphous superconducting rhenium films
by e-beam evaporation

E.V. Tarkaeva, V.A. Ievleva, A.R. Prishcepa,
E. Zhukova, A.Yu. Kuntsevich

Lebedev Physical Institute, Moscow Institute of Physics and Technology

In this work, we report the deposition of elementary rhenium thin films using
electron beam evaporation onto substrates maintained at room temperature. Structural
characterization shows that the films are amorphous. The films are superconducting,
with a critical temperature above 6 K—the highest reported for rhenium—as well as
high critical currents and critical fields. Optical spectroscopy studies confirm a
conventional BCS-like superconducting behavior, characterized by a zero-
temperature energy gap of approximately 2 meV and a subgap optical conductivity.
The fabricated films demonstrate stability and compatibility with standard
photolithographic processes, including photoresist lift-off.

The development of superconducting devices requires materials with transition
temperatures exceeding 4.2 K. While bulk rhenium exhibits a relatively low Tc of 1.7
K, thin rhenium films can achieve significantly higher transition temperatures—up to 6
K. This enhancement makes rhenium a promising candidate for practical applications
in superconducting electronics, particularly in quantum computing and sensitive
detectors. However, the high melting point of rhenium poses a major challenge in
thin-film deposition, as excessive heating can damage underlying structures or
degrade lithographic masks. To ensure compatibility with standard lift-off processes,
deposition techniques must carefully balance temperature control and film quality.
Electron-beam evaporation offers a viable solution, though precise parameter
optimization is required to achieve optimal superconducting properties.

We demonstrate the fabrication of thin rhenium films (tens of nanometers
thick) using electron-beam evaporation in a MEB PLASSYS 400 system. These films
exhibit high critical temperatures (7. > 6 K), strong critical magnetic fields, and high
critical currents, making them suitable for demanding superconducting applications.
Furthermore, they demonstrate excellent stability, with reproducible resistance-
temperature characteristics even after multiple thermal cycles.

Another key advantage of rhenium is its chemical inertness—unlike many
superconductors, it does not oxidize under ambient conditions. This property makes it
an ideal bottom electrode material for hybrid nanostructures: delicate devices (such as
2D materials or topological insulator layers) can be transferred onto pre-patterned
rhenium films without interfacial degradation. The absence of native oxides ensures
clean electrical contacts, while rhenium’s high Tc preserves superconductivity in the
electrode even at elevated operating temperatures. Structural characterization via X-
ray diffraction confirms the amorphous nature of the films, while optical studies
support that their superconducting behavior follows the Bardeen-Cooper-Schrieffer
(BCS) theory.

This work was supported by the Russian Science Foundation, project no. 23-
12-00340 «Electronically Switchable Superconductivity in Layered Materials: from
Concepts to Devicesy.
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Anomalous magnetic flux flow
in superconducting niobium nitride films

M.A. Vasyutin, N.D. Kuzmichev, D.A. Shilkin

Ogarev Mordovia State University, Saransk, Russia, 430005

Linear sections that do not change slope in a certain region of magnetic fields have been discovered
in I-V characteristics of superconducting films NbN. This is explained by the strong interaction of
vortices in the collective pinning model and the movement of a part of the vortex system relative to
the strongly pinned vortices.

Fig. 1. The current-voltage curves of NbN sample with T, = 16.3 K at a temperature of 15.4 K in
magnetic field strength of: 1 — 0.5 kOe, 2 — 2.5 kOe, 3 — 3.75 kOe, 4 — 5 kQOe, 5 — 6.25 kOe, 6 —
8.75 kOe, 7—10 kOe, 8 — 12.5 kOe, 9 — 15 kOe.

[-V characteristics of superconducting NbN films were obtained at
temperatures below 7,in constant magnetic fields. The preparation of films and
experimental details is given in articles [1-4]. In the temperature range from 0.7 T, to
0.95 T. for constant magnetic fields with a strength of up to H = 80 kOe, regions of
linear I-V characteristics with differential resistance independent of the magnetic
field were observed (especially noticeable on curves 1 and 2 on Fig. 1). The resistive
state of the films in this case is not described by the usual flow of magnetic flux. The
presence of such sections of the current-voltage characteristic is explained by the
additional constant force acting on the vortex lattice. The origin of this force may be
related to collective lattice pinning on atomic-scale inhomogeneities always present
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in niobium nitride and to strong intervortex interactions. In this case, movement of a
weakly fixed part of the vortex lattice in an environment of strongly pinned vortices
is possible. The decrease in the linear part with increasing H is associated with a
decrease in the distance between the vortices. As the field strength approaches 12
kOe, when the number of vortices becomes equal to the number of centers of strong
pinning, a greater force is required to displace the entire vortex lattice as a whole.
This leads to a more rapid occurrence of the Larkin-Ovchinnikov instability.
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Superconducting proximity effect for topological semimetals

E. Deviatov
Institute of Solid State Physics of the Russian Academy of Sciences, 142432 Chernogolovka, Russia

We present experimental results on charge transport in different proximity devices, which are formed as
junctions between a superconductor and a thick single crystal flake of topological semimetal. We
demonstrate surface-state transferred Josephson current between two 5 pm spaced superconducting
indium leads, a. c. Josephson effect with fractional Shapiro step under microwave irradiation, reentrant
proximity-induced superconductivity, Josephson spin-valve realization in the magnetic nodal-line
topological semimetals, coalescence of Andreev bound states on the surface of a chiral topological
semimetal, and surface superconductivity in a three-dimensional Dirac semimetals.

Like other topological materials, topological semimetals acquire topologically
protected surface states due to the bulk-boundary correspondence. Dirac semimetals are
characterized by gapless bulk spectrum with band touching in some distinct Dirac points.
In Weyl semimetals every touching point splits into two Weyl nodes with opposite
chiralities. Fermi arc surface states are connecting projections of these nodes on the
surface Brillouin zone, so the topological surface states are chiral for Weyl materials [1].

For topological semimetals, the main problem of transport investigations is to
reveal the surface states contribution in the material with gapless bulk spectrum. As a
possible scenario, one can consider the superconducting proximity effect. In proximity
with a superconductor, topological surface (or edge) states are able to carry supercurrent
over extremely large distances, while the coherence length is much smaller for the bulk
carriers. Also, in proximity to a superconductor, topological materials exhibit nontrivial
physics due to the spin-momentum locking, that can in various cases result in topological
superconductivity and existence of Majorana modes.

Here, we present experimental results on charge transport in different
proximity devices, which are formed as junctions between a superconductor and a
thick single crystal flake of topological semimetal. We demonstrate surface-state
transferred Josephson current between two 5 pm spaced superconducting indium
leads, a. c. Josephson effect with fractional Shapiro step under microwave irradiation,
reentrant proximity-induced superconductivity, Josephson spin-valve realization in
the magnetic nodal-line topological semimetals, coalescence of Andreev bound states
on the surface of a chiral topological semimetal, and surface superconductivity in a
three-dimensional Dirac semimetals. Also, we perform first experimental
investigations of electron transport across a single planar junction between the
superconducting electrode and recently discovered altermagnetic materials.

We gratefully acknowledge financial support by the Russian Science
Foundation, project RSF-24-22-00060, https://rscf.ru/project/24-22-00060/.
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NMR spectroscopy of transition metal pnictide
and gallide superconductors and related compounds

AA. Gippius1’2, A.V. Tkachev?, S.V. Zhurenko®, N.E. Gervits’,
A.V. Gunbin?, Y.A. Ovchenkov', 1.G. Puzanova',

A.A. Gippius'?, L.V. Morozov', V.Yu. Verchenko',

A.V. Shevelkov'

"' M.V. Lomonosov Moscow State University, Moscow, Russia,
2 P.N. Lebedev Physical Institute of RAS, Moscow, Russia

Specific examples of using NMR spectroscopy in the study of various classes of superconductors
are discussed, including classical BCS and unconventional superconductors: cuprate, heavy-
fermion, iron-containing and intermetallic superconductors. The results of recent experimental
studies of FeSep¢75Te€03S0.025 and FeSeg7Tegs crystals, novel Ba(Cr;.xCox)2As; compounds and a
new family of gallium-based intermetallic superconductors MosGa,oSb and MogGas;Sb will be
discussed in more detail.

We consider specific examples of using NMR spectroscopy in the study of
various classes of superconductors. The main focus will be put on the capabilities of
the NMR method for determining the pairing mechanism and characteristics of the
superconducting gap, both in classical BCS and unconventional superconductors:
cuprate, heavy-fermion, iron-containing and intermetallic superconductors. The
results of  recent  experimental studies of  FeSeg75Te0350.025and
FeSey;Tey; compounds which are close to the nematicity change point in Fe(Se,Te)
system, novel Ba(Cr;,Coy),As, compounds, and a new family of gallium-based
intermetallic superconductors Mo,Ga,,Sb and MogGa,;Sb will be discussed in more
detail.

In particular, "Se NMR data obtained on FeSeqs75T€03S0.025 compounds
showed a noticeable line broadening below the structural transition and an anomaly
in the temperature dependence of the relaxation rate, which was not observed in
FeSe. Our results confirm existence of the nematicity change point (NCP) in
Fe(Se,Te) at a low Te content and make the phase diagram of quasi-binary Fe(Se,Te)
compounds generally consistent with the phase diagram of FeSe under pressure.

In the FeSe, ;Teo 5 crystals, a structural phase transition occurs in two stages. At
higher temperatures, the electronic subsystem undergoes a rearrangement, leading to
a significant increase in elastoresistance. ’Se NMR data show an abrupt change in
the relaxation rate during this transition. The final transition occurs at a temperature
several degrees below and is also accompanied by anomalies in the electronic
properties. Thus, in the Fe(Se, Te) series, similarly to the behavior of pure FeSe under
pressure, the type of transition changes and intermediate state appear before the
structural transition is suppressed.
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Molybdenum gallide superconductor Mo,Ga,,Sb with 7, = 6.6 K represents a
family of novel intermetallic superconductors Mo,Ga, X (X = S, Se, Te and Sb) of
the Mo4Gay; structure type which attracts significant scientific interest due to unusual
properties of their superconducting state and enhanced electron-phonon coupling [1].
In particular, the specific heat of Mo,Ga,,Sb follows the BCS-derived a-model [2]
with the enhanced value of a = A(0)/(kgT:.) = 1.825 and AC/(yT.) = 1.53 [3].

We performed an extensive study of the intermetallic superconductor
Mo,GazSb by means of NMR and NQR spectroscopy on Ga and "'Ga nuclei to
gain novel information about its normal state and superconducting properties
including pairing mechanism and gap values. We succeeded to observe the
complete 7 Ga NQR spectrum of Mo4GaySb at 4.2 K, which consists of four pairs
of lines corresponding to the four nonequivalent crystallographic positions of gallium
in the crystal structure. We found that above T, the nuclear spin lattice relaxation
/T, of ®Ga  isotope in the Gal position follows the Korringa
law K°T,T = const characteristic for the systems with good metallic conductivity.
Below 7., we observed a pronounced intensive Hebel-Slichter peak (Fig.1)
evidencing for the s-wave superconductivity without points or zeroing lines in the k-
space (full gap s-wave superconductivity). We demonstrated that the best coincidence
with the experimental data is achieved assuming two s-wave superconducting gaps of
13 K and 6 K with relative weights of 0.8 and 0.2, respectively, taking into account
antiferromagnetic correlations (Inset in Fig.1). The obtained weighted average value
of 11.6 K is consistent with the literature estimate of A = 12.05 K [3].

A comprehensive study of the intermetallic superconductor MogGay; was
conducted by means of HRPXRD, ab-initio calculations, NMR and NQR
spectroscopy on ®Ga and "'Ga nuclei, as well as tunneling spectroscopy. All

146



Superconductivity and magnetism

experimental methods used demonstrated the presence of an inherent surface
superconducting phase in addition to the bulk superconducting phase. For the latter,
the s-wave type single-gap superconducting behavior was observed with a slightly
increased 2A/kpT. = 3.89 in agreement with the known enhanced electron-phonon
coupling in this compound [4]. From nuclear spin-lattice relaxation experiment, the
estimated superconducting gap value of the surface phase was 2A, =22.2 K, which

corresponds to the 7 ~6.3 K in the weak-coupling BCS limit. Meanwhile, the
tunneling spectroscopy reveals similar values of 7" ~6.0—7.3 K for this surface

phase. Thus, the known evidence of the MogGay; multi-gap behavior [5, 6] can be
explained by the influence of the inherent surface superconducting phase.

The report presents experimental results obtained in the Condensed Matter
NMR Laboratory of the Department of Low Temperature Physics and
Superconductivity of Moscow State University and the Solid State NMR Laboratory
of the Lebedev Physical Institute.
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Pure Nematic Transition Inside the Superconducting Dome
of Iron Chalcogenide Superconductor FeSe, ,Te,

K.Y. Liang, R.Z. Zhang, Z.F. Lin, B.R. Chen, P.H. Zhang,
K.Z. Yao, Q.S. He, Q.Z. Zhou, H.X. Yao, K. Jin, Y.H. Wang

Fudan University

Nematicity and magnetism are prevalent orders in high transition temperature
(T.) superconductors. Quantum fluctuation of nematicity and spin are both plausible
candidates for mediating unconventional Cooper pairing. Identifying the sole effect
of a nematic quantum critical point (QCP) on the superconducting dome without any
interference of spin fluctuations is therefore highly desirable. The iron chalcogenide
superconductor FeSe exhibits pure nematicity without any magnetic ordering. A
nematic quantum transition can be induced by Te substitution but experimental study
of the nematic transition is so far limited to its normal state. By performing local
susceptometry on composition-spread FeSe;Te, films using scanning SQUID
microscopy, we investigate the superfluid density (ps) across the pure nematic
transition in extremely fine steps of Ax = 0.0008. The temperature dependence of
ps changes from the form of anisotropic pairing on the nematic side to an isotropic
one across the critical doping (x.). The power-law dependence of gap anisotropy on x
— X, provides evidence for nematic quantum criticality under the superconducting
dome. The low-temperature p; scales linearly with Tc in the nematic phase, whereas
the gap amplitude, which is maximal at x., determines the T, for x > x.. Our result
establishes a pure nematic QCP in FeSe;Te,, separating two superconducting orders
with distinct pairing boosted by nematic quantum fluctuations.

A quantum critical point (QCP) refers to the point where a symmetry-breaking
phase of matter is continuously suppressed to zero by tuning non-thermal parameter
at zero temperature. Strong quantum fluctuation of the order parameter exists around
a QCP. Symmetry breaking orders of both charge and spin are ubiquitous in the
parent compounds of high transition temperature (7;) superconductors. These orders
can be gradually suppressed by chemical doping for example, which also leads to the
emergence of superconducting dome. The close proximity of the highest 7, point to
potential QCP is a tantalizing clue to establish their causal relationship. In iron-based
superconductors (FeSCs), for example, superconductivity reaches maximum when
the electronic nematic order, which reduces the C,crystalline symmetry to a
C, electronic ordering, is suppressed by chemical doping or pressure to a putative
QCP. In cuprate superconductors, recent studies also signifies a nematic QCP near
the verge of the pseudogap state. It has been theoretically proposed that strong
nematic fluctuation near such a QCP can be responsible for superconducting pairing.
Experimentally elucidating the existence and the role of the nematic QCP beneath the
superconducting dome is thus crucial for understanding the microscopic origin of
high-T; superconductivity.
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Since the appearance of the superconducting dome obscures a potential QCP
of the original symmetry-breaking phase, it is generally difficult to access the QCP to
identify the effect of quantum fluctuations on superconductivity. Furthermore, there
are typically more than one symmetry breaking order in the parent compound of most
high 7. materials. For cuprate superconductors, the coexistence of nematicity with
spin density wave order poses significant challenges in isolating the influence of
nematic transition. Similar situation occurs in FeSCs, where the nematic phase is
always overlapped with an itinerant antiferromagnetism (AFM) order, making the
putative nematic QCP and the AFM QCP indistinguishable (Fig. 1a). In particular,
although a sharp peak of London penetration is observed near the critical doping of
several iron pnictide superconductors, which is attributed to the enhancement of
quasiparticle mass due to the quantum critical fluctuations, it is yet unknown whether
this anomaly corresponds to a nematic QCP or an AFM QCP.

The iron chalcogenide superconductor FeSe;,Te, (FST) is a unique system
whose nematic phase is decoupled from any magnetic ordering at ambient pressure.
Isovalent substituting Se with Te monotonically suppresses the nematic order, leading
to a putative nematic QCP at x. (0.5 for bulk sample and 0.2-0.4 for thin films), as
evidenced by the divergent nematic susceptibility observed in the normal state (Fig.
1b). Moreover, the absence of significant spin fluctuations near x. has been revealed
by nuclear magnetic resonance measurements. These advantages render FST an ideal
material platform to study the nonmagnetic nematic QCP in high-7, superconductors.
However, direct evidence for the nematic QCP inside the superconducting dome is
still lacking so far. This is largely because conventional technique to probe normal
state nematic criticality such as elastoresistivity is no longer effective in the
superconducting state due to vanishing resistance. Applying a strong magnetic field
can suppress the superconducting phase to expose the ‘bare’ nematic QCP, but this
may induce a different QCP or shift the zero-field QCP.

One key parameter characterizing the superconducting state is the superfluid
density (, where is the Cooper pair density and its effective mass), which encodes
the phase rigidity of the pairing condensate. The temperature (7) dependence of is
associated with the quasiparticle energy spectrum that depends on the
superconducting gap structure. Importantly, it is found that the gap anisotropy of
orthogonal FST is intimately related to its nematic order through various scenarios,
e.g., the mixture of s- and d— wave components in the 4;, symmetry in the nematic
phase, the nematic pairing due to orbital-selective correlations or spin fluctuations in
the nematic phase, pairing in the presence of nematic orbital ordering, the strong gap
anisotropy due to the shrink of electron pocket below the nematic transition. Hence,
the temperature dependence of superfluid density can be regarded as a good tool for
reflecting the nematic order inside the superconducting dome.

Here we perform local measurements on composition-spread FST films via
scanning superconducting quantum interference device (sSQUID) microscopy. The
continuous variation of Te content from 0 to 1 on a single substrate in conjunction
with the micron spatial resolution of sSQUID enables us to explore across the pure
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nematic transition in unprecedently fine steps, Ax = 0.0008. By analyzing the data
for different compositions, we find the superconducting gap structure of FST
undergoes a transition from anisotropic symmetry to isotropic symmetry at x, ~ 0.23.
Close tox., the gap anisotropy obeys a power-law dependence on Te content,
evidencing the nematic quantum criticality in the superconducting state. The
averaged gap value reaches maximum atx. strongly supports the scenario that
pairing interaction is strengthened by the nematic fluctuations associated with the
QCP. On the other hand, we find that the Te content at which peaks derivates
from x, as temperature decreases, possibly due to the suppression of phase coherence
by the pinned nematic fluctuations beyond the QCP. Combing 7, and gap data
together, we find that the pure nematic QCP divides the superconducting dome into
two regions, where 7, is dominated by the phase rigidity and the pairing potential
for x <x.and x > x, respectively.
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Visualization of skyrmion-superconducting vortex pairs
in a chiral magnet-superconductor heterostructure

Xianggang Qiu

Institute of Physics, Chinese Academy of Sciences

Magnetic skyrmions, the topological states possessing chiral magnetic structure with non-trivial
topology, have been widely investigated as a promising candidate for spintronic devices. They can
also couple with superconducting vortices to form skyrmion-vortex pairs, hosting Majorana zero
mode which is a potential candidate for topological quantum computing. A lot of theoretical
proposals have been put forward on constructing skyrmion-vortex pairs in heterostructures of chiral
magnet and superconductor. Nevertheless, how to generate skyrmion-vortex pairs in a controllable
way experimentally remains a significant challenge. We have designed a heterostructure of chiral
magnet and superconductor [Ta/Ir/CoFeB/MgO]/Nb in which zero field Néel-type skyrmions can
be stabilized and the superconducting vortices can couple with the skyrmions when Nb is in the
superconducting state. We have directly observed the formation of skyrmion-superconducting
vortex pairs which is dependent on the direction of the applied magnetic field. Our results provide
an effective method to manipulate the quantum states of skyrmions with the help of
superconducting vortices, which can be used to explore new routines to control the skyrmions for
spintronics devices. [1].

Magnetic skyrmions are small swirling topological defects induced by chiral
magnetic interactions or broken inversion symmetry cite. There are two typical types
of magnetic skyrmions: Néel-type and Bloch-type skyrmions, which correspond to
different symmetries of chiral Dzyaloshinskii-Moriya interactions. Skyrmions can be
defined by the topological number (or winding number)

yol4 M.(mxandxdy,
T ox Oy
which is a measure of the winding of the normalized local magnetization M [1]. Their
stabilization and dynamics depend strongly on their topological properties. Owing to
their topological property, small size, and high mobility, skyrmions can be
manipulated by a very small current density. Skyrmions have been therefore
proposed as promising candidates for the next generation, low-power spintronic
devices, such as non-volatile information storage and logic devices.

We have designed a kind of chiral magnet-superconductor heterostructure
(MIS) of [Ta/Ir/CoFeB/MgO],/Nb on Si substrate. The proximity effect has been
suppressed by inserting an insulator layer between the chiral magnet and
superconductor, so that skyrmion and vortex interact via stray field only. It is found
that in our heterostructures, Néel-type skyrmions can be stabilized at zero field after
their nucleation at high fields. Formation of SVPs has been directly observed by
magnetic force microscopy (MFM). When a negative magnetic field is applied, the
superconducting vortices prefer to locate at the centers of the skyrmions, forming
SVPs with enlarged radii. While in a positive field, superconducting vortices are
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expelled away from the skyrmions. Such isolated SVPs can be an ideal platform to
explore Majorana zero mode for topological computation as well as applications
based on the manipulation of skyrmions.

After the zero-field skyrmions have been formed in the chiral magnet layer at
10 K which is above the superconducting transition temperature 7., a perpendicular
magnetic field is applied at the desired strength, and then the sample is cooled down
below T.to 5 K (field cooling (FC)). Fig. 1 (a-c) are the MFM images taken at
calibrated magnetic fields of zero, =3 Oe, 1 Oe with FC processes, respectively. A
characteristic region is marked by a white dashed rectangle in Fig. 1(a-c) which
represents the same scanning area.

Compared with the MFM image for the same scanning area at 10 K, it can be
found that besides the isolated skyrmions appear as small yellow dots at fixed
positions, there are two other kinds of bright dots with larger radii marked by green
squares and red circles, respectively. We can find the following: (1) When a negative
perpendicular magnetic field (H,., = —3 Oe, along —z direction and parallel to the
skyrmions core) is applied, both the numbers of green squares and red circles
increase. The additional green squares are generated from skyrmions at the same
position. Meanwhile, the additional red circles emerge from the blue background.
When a positive external magnetic field H,.,, = 1 Oe, along +z direction is applied,
the green squares turn into skyrmions at the same positions. In the mean time, the red
circles are replaced by a triangular array of dark circles. By comparing with the MFM
images of Nb film, we can attribute the red circles and dark dots to superconducting
vortices. The dark circles are actually the anti-vortices arising from the reversal of the
direction of the magnetic field. It is noticed that the vortices in green square always
appear at the fixed positions under individual FC processes of different negative
fields, in contrast to the random distribution of vortices in bare Nb film.

The formation of SVPs has been directly observed which is dependent on the
direction of the applied magnetic field. The superconducting vortices are located at
the centers of the skyrmions under a negative magnetic field, forming SVPs with
enlarged radii. While in a positive field, superconducting vortices are expelled away
from the skyrmions. The extremely small field operations of manipulating the
skyrmion state provide a practical routine for controllable manipulation of skyrmion
by means of magnetic field. And the dissipationless superconducting current in this
kind of heterostructure can provide a great advantage in spintronics devices based on
current-driven skyrmion motion.
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Spin dynamics and dark particles in a weak-coupled quantum
Ising ladder with D}’ spectrum

Jianda Wu

Shanghai Jiao Tong University

When two quantum critical transverse-field Ising chains (TFIC) are weakly
coupled, the weak inter-chain coupling can drive the system to emerge as an
integrable model with eight particles, organized by the D" Lie algebra. Realizing the
quantum criticality of the TFIC is a key step to access the exotic integrable system. In
my talk, after briefly exposing the quantum criticality of the TFIC, I will begin my
journey with an inelastic neutron scattering experiment on CoNb,Os, which claims
observation of evidence of E, physics in the material. Despite a ten-year gap, recent
THz spectroscopy on the same material reignited our interest, leading us to challenge
the E, paradigm and propose the D;" picture. I will discuss why the D" physics
provides a comprehensive understanding for the experimental observations. Along
the course, we also surprisingly found long-life-time dark particle, a special kind of
many-body magnetic excitation, in the integrable system which accommodates the
D" physics. We will discuss how the dark particles are able to be prepared via
another exotic soliton excitations in the system, and further propose a thermal
activation detection of the lightest dark particle.
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Effect of fluctuations on the Microwave Response
in FeSeS near the nematic QCP
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This study investigates the relationship between nematicity and superconductivity in FeSe; Sy
(x=0-0.21) single crystals using resistivity, susceptibility, and microwave absorption (MWA).
Comparison of resistivity and microwave absorption data for all concentrations demonstrated small
discrepancies, which can be attributed to magnetic fluctuations of isotropic and anisotropic nature.
Near the nematic quantum critical point (x=0.16), a magnetic field increases MWA amplitude
below the structural transition, suggesting changes in electronic structure rather than magnetic
order.

One of the recent advances in the study of high-temperature superconductors
has been the discovery of electron correlations with a dedicated direction (nematic
state), whose fluctuations may play a key role in the formation of superconductivity.
However, the presence of a large number of phases, with different type of magnetic
and charge order of high-temperature superconductors makes it difficult to
distinguish the role of nematic fluctuations. Promising objects for studying the
relationship between the nematic phase and superconductivity are iron chalcogenides,
which, unlike iron pnictides, lack both magnetic and charge order phases. Moreover,
hydrostatic pressure has a significant effect on the nematic state of these materials:
with increasing pressure, the nematic phase is suppressed, and as it disappears, spin
density waves appear.

Fig. 1. Temperature dependences of microwave absorption for the FeSe 34So.16 sample obtained in a
magnetic field of 1 Oe and 7 kOe. The dash-dotted line shows the linear behavior. Vertical lines
correspond to the temperatures of superconducting and structural transitions.
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Of particular interest are iron chalcogenides under the action of chemical
pressure. For example, replacement of selenium by sulfur leads to suppression and
disappearance of the nematic state. With further increase of sulfur content, the
magnetic phase does not occur. It is assumed that the sulfur concentration at which
the nematic phase disappears (x = 0.17) corresponds to the nematic quantum critical
point (Nematic QCP). The study of the phase diagram near this point is particularly
interesting because of the amplification of fluctuations of various order parameters at
the quantum critical point.

In this work, FeSe,_,S, single crystals (x=0, 0.050, 0.075, 0.160, 0.021) [1]
were chosen as objects of study. Characterization of the obtained samples was carried
out by measuring resistivity and magnetic susceptibility. A modified EPR
spectrometer was used as the main experimental tool, which registers the temperature
dependence of microwave absorption (MWA). Comparison of resistivity and
microwave absorption data for all concentrations demonstrated small discrepancies
between the Awwa(7)and (u,@,0/2)"*(T) curves, which can be attributed to

magnetic fluctuations of isotropic and anisotropic nature [2]. In addition, similar
measurements were performed in a magnetic field of 7 kOe. Analysis of the
resistivity data showed no significant changes below the T structural transition
temperature when exposed to an external magnetic field. With using high frequencies
method (9.4 GHz) for the sample with sulfur concentration x=0.16, an increase in the
MWA amplitude below T; is observed (Fig. 1). When considering these data, it is
necessary to take into account that the MWA method is sensitive to magnetic and
electronic excitations, so the orbital nature of the nematic phase is not considered.
Measurements of the Shubnikov-de Haas oscillation in FeSe,.,S, have shown
suppression of spin fluctuations near the nematic QCP [3]. On this basis, it can be
assumed that the observed increase in the MWA amplitude with increasing external
magnetic field for the FeSeg4So1s sample can be attributed to changes in the
electronic structure.
This work was funded by the Russian Science Foundation (No. 21-72-20153-P).
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Enhanced superconductivity coexisting
with antiferromagnetism in the FeTe-NbSe, system
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! Ural Federal University, Institute of Natural Sciences and Mathematics, Yekaterinburg, Russia,
? Institute of Metal Physics of Ural Branch of Russian Academy of Sciences, Yekaterinburg, Russia

Alloyage of Fe;;Te with (NbSey)y (0 < y < 1.2) is found to lead to an increase in the
superconducting onset transition temperature up to T, ~ 12 K, as well as to the phase segregation
and a change in the crystal lattice parameters of the formed phases. The superconducting state in the
samples coexists with antiferromagnetic ordering. The observation of atypically hard
superconductivity in the entire range of NbSe, concentrations can be explained by the significant
inhomogeneity of the samples and the influence of interface effects.

Unlike iron selenide FeSe, which in bulk form has a superconducting transition
temperature T, = 8 K, isostructural iron telluride FeTe does not exhibit a transition to
the superconducting state and has antiferromagnetic ordering below Ty = 70 K,
however, substitutions in the metal and chalcogen sublattices can significantly affect
its properties. The dependence of the superconducting transition temperature on Se
contentx in the FeTe, Se,system has a dome-shaped form with a
maximum 7, = 15 K at x = 0.5. In this regard, studies with simultaneous substitutions
in both the chalcogen and metallic sublattices would be of interest to overcome this
limitation. In the present work we investigate the possibilities of increasing the
transition temperature by alloyage of non-superconducting antiferromagnetic Fe, ;Te
with superconducting niobium diselenide NbSe, with 7, ~ 7 K.

Samples of the Fe; Te+y [NbSe,] system have been synthesized for the first
time using the melting method, studied using x-ray diffraction analysis and electrical
and magnetic measurements. It is shown that the phase segregation and a decrease in
the crystal lattice parameters of both FeTe- and NbSe,-based phases occurs with the
increase of NbSe, concentration. Based on the temperature dependences of electrical
resistance and magnetic susceptibility measurements, it is found that all samples
demonstrate a superconducting transition at a temperature of 7~ 12 K, which
contrasts with substitutions only on the chalcogen or metallic sublattices. The
coexistence of a superconducting transition and antiferromagnetism is observed
throughout the full doping interval. The lack of a strong diamagnetic response in all
alloyed samples necessitates the exploration of alternative mechanisms of the
superconductivity manifestation aside from the partial substitution on the chalcogen
sublattice of FeTe in this system. Considering the data on the increase in the
superconducting transition temperature in iron selenide on a niobium-doped
SrTiOs substrate, as well as when FeSe films are coated with niobium, the presence
of niobium atoms in our samples can have a positive effect on the superconducting
properties. Apparently, the effect of robust superconducting state can be achieved due
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to the significant heterogeneity of the samples, where the FeTe- and NbSe,-based
regions containing selenium and tellurium, respectively, coexist. These regions
contribute to both the superconducting transition and the antiferromagnetic ordering.
Such components compatibility is not achieved with all materials and one of the key
tasks is to establish its criteria. In this case, presumably, it is compatibility in the
crystal lattices parameters of the FeTe and NbSe, phases — the values of the
parameters with a high degree of accuracy must coincide in at least one
crystallographic direction. Thus, the obtained results show a way to modify the
superconducting properties of iron chalcogenides FeCh based on the compositional
effect and the selection of a compatible material, which allows to improve the
properties of the initial compound and stabilize the superconducting transition.

This work was supported by the Russian Science Foundation (Grant No. 22-13-
00158).
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Signatures of surface magnetic disorder
in single-crystal superconducting titanium nitride films
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We investigate the superconducting properties, electron transport, and phase-breaking mechanisms
of epitaxial titanium nitride (TiN) samples with various thicknesses. Our analysis reveals
correlations between the superconducting transition width, material parameters, and device
dimensions, attributing the inhomogeneity to surface magnetic disorder. Additionally, we measure
the electron dephasing rate via magnetoresistance from the superconducting transition temperature
T, to ~3 — 4T,. Spin-flip scattering associated with magnetic disorder near the oxidized surface is
identified as the dominant source of phase breaking in thin TiN films. These findings provide
valuable insights into microscopic inhomogeneities present in thin superconducting films and loss
mechanisms in superconducting quantum devices.

Titanium nitride (TiN) has shown great potential as a superconductor for use in
quantum circuits due its low losses and long quantum coherence time compared to
other superconducting materials [1, 2]. In our recent study, we investigated the
transport properties of single-crystal superconducting TiN films and found
exceptional electronic parameters, such as the surface scattering-limited electron
mean free path, the critical temperature (T.) close to the bulk value, and a weak
magnetic disorder residing in the surface layer, with a characteristic magnetic defect
density of ny~10"2 cm * [3]. We also explored the other fundamentals aspects of these
films, focusing on the impact of minute surface magnetic disorder on
superconducting properties.

We investigated the effect of various fluctuation mechanisms on the DC
resistance of epitaxial TiN films [4]. We observed a sharp decrease in T.and a
broadening of the superconducting transition with decreasing film thickness and
width of the TiN samples. The TiN samples we studied showed a relatively steep
resistive transition (RT), with a transition width AT/T.~0.002—-0.025, depending on
film thickness and device dimensions. This value is significantly larger than expected
for conventional superconducting fluctuations (AT/T.<<10*). The shape and width of
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the resistive transition can be perfectly described by the well-known effective
medium theory, which allows us to understand the origin of the inhomogeneity in the
superconducting properties of TiN films (see inset in Figure 1). We propose that this
inhomogeneity may have both dynamic and static components. The dynamic
mechanism is associated with spontaneous fluctuations in electron temperature (T-
fluctuations), while the static mechanism is due to a random spatial distribution of
surface magnetic disorder. Our analysis revealed clear correlations between the
transition width and material parameters as well as device size for both mechanisms
(see Figure 1). While T-fluctuations may contribute significantly to the observed
transition width, our findings suggest that the dominant contribution comes from
magnetic disorder.

Figure 1. Main: The width of the transition, denoted by T;, depends on the width, w, of the TiN
samples with different thicknesses. The symbols represent the best fit of the experimental data using
the EMT model, while the solid lines show the standard deviation of the critical temperature,
accounting for magnetic disorder. Inset: The temperature dependence of the normalized resistance
R/Rn in comparison with the EMT approximation for 9-nm thick sample.

Figure 2. The phase-breaking rates and the relative contributions of inelastic and magnetic
scattering processes in epitaxial TiN films.
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We also studied the electron dephasing rate measured via magnetoresistance
over a temperature range from T.to ~3 — 4T for epitaxial TiN films of various
thicknesses. We found that electron dephasing occurs on a picosecond time scale and
is nearly independent of temperature (see Figure 2). This differs from inelastic
scattering processes due to electron-phonon and electron-electron interactions, which
occur on the nanosecond time scale near the superconducting transition, as shown by
noise thermometry and spectroscopy measurements in Ref. [S]. We suggest that spin-
flip scattering could serve as an additional process for electron dephasing in epitaxial
TiN films. This scattering is associated with the magnetic disorder near the surface of
the naturally oxidized films.

Our findings suggest that naturally oxidized surfaces play a significant role in
electron dephasing. Recent studies emphasize the critical role of magnetic impurities
localized within the native oxide of materials, which drive two-level systems (TLS) loss [6].
These impurities are also identified as a major source of RF dissipation in niobium oxides
[7]. In particular, 2D superconducting quantum systems, using TiN-capped niobium films
exposed to air and forming a native oxide layer, exhibit slightly improved qubit relaxation
times, however these times are still limited to approximately 100 us [8]. Similar signatures
of surface magnetic disorder are observed in the evolution of the superconducting properties
in Nb films as their thickness decreases [9], and in studies of the temperature dependence
of of unprotected Nb films, where a tendency toward saturation in is seen at low
temperatures [10]. A similar trend is also observed in thin copper (Cu) films [11]. In the
case of Nb and Cu films passivated with a silicon layer, slower values of and a more
pronounced power-law dependence on temperature (<T for Nb [10] and ~T" for Cu [11])
are observed. These findings suggest that this magnetic disorder may be a significant source
of RF dissipation in superconducting thin- film-based devices, and may also provide insight
into the microscopic origins of inhomogeneity in these films.

This work was supported by the RSF grant Ne 24-72-10105.
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Compounds with Giant Magnetoelectric Effect
as a Possible New Class of Materials
for Obtaining High-Temperature Superconductors

V.G. Orlov, G.S. Sergeev
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We carried out calculations of the electronic band structure and parameters of
Bond Critical Points in the charge density distribution for a number of compounds
with a giant linear magnetoelectric effect, such as TbPO, and HoAl;B,0y,. Taking
into account the correlation that we have identified earlier between the critical
temperature 7, of HTSC and the Laplacian of the charge density at the Bond Critical
Point with the largest charge density value, compounds with a giant linear
magnetoelectric effect seem promising for obtaining HTSCs with very high T..

In our recent papers [1, 2], we showed that the semiconducting compounds
La,CuO,4 and YBa,Cu;0g, that are the parent materials for a number of families of
unconventional high-temperature superconductors (HTSCs), have two properties that
can stimulate the emergence of superconductivity in the metallic phase obtained by
doping the parent compound.

The first property, that we previously identified in bismuth and antimony
chalcogenides, iron pnictides, cuprates and related unconventional superconductors
[3, 4], is a specific chemical bonding mechanism, which is different from covalent,
ionic and metallic [5, 6]. This mechanism of chemical bonding is characterized by: 1)
positive values of the Laplacian of the charge density Ap, at all critical points of the
bond type (BCPs) [5, 6] in the distribution of the charge density in the crystal, 2) high
values of the charge density p,in BCPs, and 3) the number of BCPs per
nonequivalent atoms in compounds exceeding the valences of the atoms.

The second property [1] is determined by the symmetry of crystal structures,
described by space groups, for which there are magnetic crystal classes that allow the
presence of a linear magnetoelectric effect (LMEE) [7]. In compounds with LMEE,
both local magnetic fields and electric polarization are present in absence of external
magnetic and electric fields. The source of local magnetic fields can be the dipole
magnetic fields of magnetic ions and electric dipoles due to the allowed LMEE. In [1]
it was suggested that the simultaneous presence of local magnetic fields and electric
polarization in a sample may be thermodynamically unfavorable. So when charge
carriers appear in the sample as a result of doping the parent compound, a specific
type of chemical bonding leads to the appearance of more favorable superconducting
state.

In this work, we carried out calculations of the electronic band structure and
parameters of BCPs in the charge density distribution for a number of compounds
with a giant LMEE, such as TbPO, [8] and HoAl;B4O,, [9]. Taking into account the
correlation that we have identified [3] between the critical temperature 7, of HTSC
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and the Laplacian of the charge density Ap,at the BCP with the largest py,
compounds with a giant LMEE seem promising for obtaining HTSCs with very high
T..
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Magnetic pinning and record critical current enhancement
in iron-doped YBaCuO
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The dependences of the intragranular critical current density (J.) and the
thermodynamic critical field (H. on the iron content in HTSC Y,
«Fe,Ba;Cu;0, (0<x<0.08) are analyzed. The J.(x)dependence has a pronounced
maximum at an optimal doping level of x,,~ 0.04. The value of x,,is weakly
dependent on the external magnetic field and temperature. A significant increase in
the J, value at x ~x,, has been observed, reaching two orders of magnitude at
temperatures around 77 K. The values of H, and the paramagnetic contribution to the
magnetic susceptibility from the spins of Fe ions have been determined. It has been
found that H, decreases monotonically with increasing x, by an amount that does not
exceed 30% over the entire range of x. This behavior is not consistent with the
features of J,(x) dependencies. It has also been found that the magnetic moment of Fe
ions remains unchanged after the transition of the sample to the superconducting
state. It has been concluded that the dominant interaction responsible for the pinning
of vortices is the magnetic interaction between a vortex system and a nanoscale
system of magnetic impurities.

For a series of Y_,Fe ,Ba,Cu;0, samples (0 <x < 0.08), the effect of magnetic
impurities on superconducting (SC) characteristics, including the density of the
intragranular critical current (J.) and the thermodynamic critical field (H.), was
studied. In order to achieve a homogeneous distribution of a small amount of dopant
over the sample volume, synthesis was carried out using the nitrate-citrate variant of
sol-gel technology at the initial stage. The synthesis procedure, temperature, and
duration of annealing are described in [1]. The data from X-ray and electron
microscopic studies, as well as the values of the transition temperatures to the SC
state (7,) are also presented. Magnetic susceptibility at 7> T, and magnetization (M)
hysteresis in increasing and decreasing external magnetic fields (H) up to 6 T
at T< T.were measured for the samples obtained. The values of J, are calculated
from the magnetization hysteresis width within the framework of the Bean critical
state model. For doped samples, there is a well-defined maximum in the
JA(H) dependence (peak effect), which shifts to smaller fields as the Fe content and
temperature increase. A nonmonotonic change in J, was revealed with a change in the
degree of doping. Figure 1a shows the dependence of J.(x) on a semilogarithmic scale
for H=1 T over a temperature range of 40-85 K. If the effect of doping on J, is small
at low temperatures, as the temperature increases, the changes in J.become
significant. A pronounced maximum in J, is observed at an optimal doping level of
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Xopt ~ 0.04, at which the effect of J. increasing reaches two orders of magnitude. For
other values of the external field and, correspondingly, for other periods of the vortex
lattice, the presence of a sharp maximum in the J.(x) dependence persists at the same
concentration of substitutional atoms.

The revealed features of the behavior of J.(x) dependencies are in certain
contradiction with the obtained equilibrium characteristics of the SC state. Indeed, the
commonly accepted pinning mechanism is associated with a decrease in the energy of
a vortex due to the overlapping of its core with an area where the SC order parameter
has a reduced value near a defect. To determine the equilibrium characteristics, an
analysis of the average magnetization lines M,, was carried out. As a result, the
values of the thermodynamic critical field and the paramagnetic contribution to the
magnetic properties of the SC state were calculated. Figure 1b shows the dependence
of H,. on Fe content at the same temperatures as in Fig. la. As x increases, there is a
monotonic decrease in H,, which does not exceed 30% within the studied range of x.
Estimates suggest that such a reduction in H. may be linked to a decrease in the
volume of the SC phase, due to the formation of a normal region with dimensions
comparable to coherence lengths &,&,& near each defect. Another result of the
M, (H) analysis is that the magnetic moment of Fe’" ions remains unchanged during
the transition of the sample to the SC state.

The absence of any features in the H.(x) curves near x,,, indicates that there is
an additional mechanism responsible for a significant increase in pinning at an
optimal impurity concentration. The existence of such a mechanism with a magnetic
nature was predicted in [2]. Estimates show that at x,,, = 0.04, the average distance
between defects is d,,, = 1.6 nm and turns out to be close to the coherence length in
the ab plane. Another characteristic length, which is close to d,,, is the scale of the
RKKY-type exchange interaction. A hypothesis is proposed regarding the
implementation of ferromagnetic exchange between Fe®* spins when they are located
at distances corresponding to the optimal impurity concentration for pinning. As
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shown in [3], nanoscale regions with ferromagnetic interactions may prove to be
more effective pinning centers than normal phase regions.
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Iron-based superconductors of the 245 family:
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Iron-based superconductors of the 245 family have a complex phase
composition. The ironchalcogenide 245 family AsFe,.,Se, with A = Na, K, Rb, Cs, Tl
consists of an antiferromagnetic and a superconducting (SC) phase. This structure
explains the difficulty of reproducibly obtaining superconducting samples. Thus, one
of the interesting directions is the synthesis of samples containing Na, which can help
stabilize the SC phase. Here, we report successful crystal growth, phase relations,
comprehensive study of superconducting properties for (Na;K;Rb), sFe,Se,.

Iron-containing selenide superconductors A,.Fe,,Se; (A — K, Rb, Cs, TI)
(“122Se”) were discovered in 2010. Despite the structural relationship with the
ferroarsenide family 122, they are usually distinguished into a separate family due to a
number of features, the most important of which is the phase separation into an
antiferromagnetically ordered phase of the composition AggFe; ¢Se, (“245”), which is the
main one, and a superconducting (SC) phase of the approximate composition Aq,Fe,Se,,
the mole fraction of which is usually no more than 15%, and which can exist only in the
presence of the main phase 245, in the form of a micron-sized layer between 245
crystallites. It is known that the 245 and SC phases coexisting in the 122Se composite
crystallize in the tetragonal syngony with noticeably different parameters. It can be
assumed that this is one of the main reasons for the experimental problems associated with
obtaining superconducting 122Se samples: the presence of superconductivity depends on
the quenching mode, during which spinodal decomposition of the high-temperature
disordered phase into a 122Se composite consisting of 245 and SC phases occurs. In our
work, the task was to test the possibility of stabilizing the SC phase by introducing sodium
cations into the system. Na+ cations, unlike larger alkali metals, cannot effectively
stabilize Fe-containing superconductors of the 122 family. However, they can partially
replace larger cations, which will affect the size of the unit cells. To identify the role of
sodium in the formation of the SC phase, three compositions were synthesized:
(Nao‘sKO's)oAgFezSEQ, (K0.5Rb0.5)FeZSez and (NaoA3K0A3Rb0A3)0‘gFestZ. The crystals were
obtained in three stages by crystallization from the melt of their own components. Some
of the samples were additionally quenched in ice water and liquid nitrogen. The structure,
composition and morphology of the obtained samples were studied by X-ray diffraction,
EPMA and electron microscopy. The SC properties were studied by Andreev
spectroscopy. It was shown that the obtained samples exhibit characteristic phase
separation (Fig. 1A, B). The best SC characteristics were demonstrated by the
(Nao3Ko3Rbg;3)osFe:Se, sample (Fig. 1C).
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Posters

Mesons in a quantum Ising ladder

Yunjing Gao, Yunfeng Jiang, Jianda Wu

Tsung-Dao Lee Institute, Shanghai Jiao Tong University

When two transverse-field Ising chains (TFICs) with magnetic order are
coupled, the original free excitations become confined, giving rise to meson-like
bound states. In this work, we study such bound states systematically. The mesons
are characterized by their fermion number parity and chain-exchanging properties,
which lead to distinct sets of mesonic states. The meson masses are determined by
solving the Bethe-Salpter equation. An interesting observation is the additional
degeneracy in the chain-exchanging odd sectors. Beyond the two particle
approximation, we exploit the truncated free fermionic space approach to calculate
the spectrum numerically. Corrections to the meson masses are obtained, and the
degeneracy is further confirmed. The characterization and degeneracy can be
connected to the situation when each chain is tuned to be quantum critical, where the
system is described by the Ising) integrable model, a sine-Gordon theory with
Z, orbifold. Here we establish a clear correspondence between the particles in the

bosonized form and their fermionic counterparts. Near this point, the stability of these
particles is analyzed using the form factor perturbation scheme, where four particles
are always present. Additionally, we calculate the evolution of the dominant
dynamical structure factor for local spin operators, providing further insight into the
low-energy excitations and their role in the system’s behavior. The two-particle
confinement framework as well as the parity classifications may inspire the study for
other coupled bi-partite systems.
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Pinning enhancement in YBCO
by magnetic nanoparticles: No royal roads

D.M. Gokhfeld, S.V. Semenov, M.I. Petrov

Kirensky Institute of Physics, Krasnoyarsk Scientific Center, Siberian Branch, Russian Academy of Sciences

The effects of ultra-small &-Fe,Os nanoparticles on the electrical properties, microstructure,
magnetization and critical current density of YBa,Cu3O; 4 were investigated. Samples were
prepared using the solid state reaction method. The X-ray diffraction, four-point-probe electrical
resistance, scanning electron microscopy and magnetization measurements were used to
characterize the samples.

The additives of ultra-small e-Fe,O; nanoparticles in YBa,Cu;074 can increase
the critical current density only after short heating.

Prolonged annealing at a temperature of 930 °C, which  is common for solid-
phase synthesis, leads to a significant suppression of the superconducting properties
on the surface of the granules. What is about the effect of ultra-small NiO
nanoparticles?

This work was supported by the Russian Science Foundation, project Ne 24-22-
00053, https://rscf.ru/project/24-22-00053/.

168



Superconductivity and magnetism

High frequency dynamic response of Abrikosov vortices:
time-dependent Ginzburg-Landau approach

R.I. Kinzibaev', A.S. Mel'nikov'?

! Moscow Institute for Physics and Technology, Dolgoprudny 141700, Russia,
? Institute for Physics of Microstructures, Russian Academy of Sciences 603600, Nizhny Novgorod,
GSP-105, Russia

Introduction

Starting from the seminal paper [1] the problem of vortex mass in the equation of motion of
flux lines has been addressed in the variety of experimental and theoretical works. The importance
of this issue for the physics of vortex matter is obvious as the frequency-dependent vortex response
to the external current determines the microwave impedance and Ohmic losses of superconducting
materials and devices in magnetic fields. Vortex dynamics is also essential for understanding how a
moving vortex interacts with various pinning centers and boundaries.

Results

The aim of this work is to derive the dynamic equation describing the high-
frequency vortex dynamics in a thin superconducting film under the influence of an
alternating current. Our starting point is the time-dependent Ginzburg—Landau
(TDGL) theory. Despite of the obvious restrictions on the range of validity of this
model it is well known to provide instructive insights for a great variety of dynamic
phenomena in superconductors.

Based on the perturbation approach described in [2], we derive the following
equation of motion for the vortex line:

21 1 8eTD
+—E . ————|V(0) = j.(w).e.],
{nm R: 1—ia)l§/D} (@) GHAZ[JA( )-e.]

where: 77,, =0.279 is the relaxation contribution to the vortex viscosity, R, ~& is

the characteristic vortex radius and the temperature-dependent coherence length, /5 is
the electric field penetration depth, D is the diffusion coefficient, j, is the transport
supercurrent, v is the vortex velocity, o is the normal state conductivity, A_ is the

@

gap value far from the vortex core.

Based on the analysis of this equation, several important conclusions can be
drawn:

1. A linear expansion of the kernel

[1—ia)15j
D

in powers of frequency leads to the appearance of an “effective negative mass”
for the vortex which means that the correct description of the vortex dynamics
requires the consideration of the full kernel given above.

169



Superconductivity and magnetism

2. The form of the kernel indicates that the vortex motion exhibits a
retardation effect characterized by a relaxation time /, /D .

3. At high frequencies, the kernel contribution becomes inversely
proportional to frequency. In the time domain this term gives us an effective
elastic force resulting from the back-action of the charge imbalance potential.
Furthermore, using a standard relation for the averaged electric field induced

by the vortex motion

E=1[B.v,].
C

we derive the frequency-dependent supercurrent—electric field relation:

[ 1
j,\‘ = O-E ];I 77Re1 + ’2 . 2 ’
47°B 27R’B iwl’ | D

where @, is the magnetic flux quantum. This expression describes the complex
impedance of the superconducting film arising due to vortex motion and highlights

the contributions from both the relaxation processes and the retardation effects at
finite frequencies.

Conclusion

Thus, the approach presented here provides an analytical description of the
relaxation processes in the viscous dynamics of a single vortex under a weak
alternating current and reveals important features of the high-frequency impedance of
superconducting systems.

This work has been supported by the Russian Science Foundation (Grant No.
25-12-00042).
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Characterization and synthesis of superconductors
of CaAFe As, composition (A = K, Rb, Cs)

A.S. Medvedev, V.A. Vlasenko, K.S. Pervakov

P.N. Lebedev Institute of Physics, Russian Academy of Sciences,
V.L. Ginzburg Center for High Temperature Superconductivity and Quantum Materials

High-quality polycrystalline samples of stoichiometric iron-based superconductors CaKFesAss,
CaRbFesAs, and CaCsFesAs, were obtained by mechanical alloying. The phase composition of the
synthesized materials was confirmed by X-ray phase analysis. The superconducting transition
temperatures were 35.0 K (CaRbFesAss), 31.1 K (CaCsFesAsy), 35.0 K (SrRbFesAss) and 36.1 K
(SrCsFesAss). According to the results of magnetic measurements, it was found that only one
superconducting phase is present in the samples.

Optimization of superconducting properties in compounds of the
AFe,As, (122) family, where A is an element from the group of alkaline-earth metals,
requires doping. It is necessary to achieve high superconducting transition
temperatures. However, this approach significantly complicates the synthesis of the
material, since it requires precise control of the chemical composition and
homogeneity of the distribution of elements. In contrast to this, stoichiometric
compounds of the 1144 family do not require doping and have higher transition
temperature to the superconducting state (T, ~ 31-36 K), are of considerable interest
[1].

Although compounds of this type, such as CaKFe;Asy, CaRbFesAs,;, and
CaCsFe;As,, have been synthesized previously [2, 3], the lack of high-quality
samples makes it difficult to fully investigate their physical properties. The aim of
this work is to synthesize samples of these materials with minimal impurity phases
and characterize them.

CaKFe4As;, CaRbFe;Assand CaCsFejAss powders were synthesized by
mechanical alloying method from the starting elements Ca, K (or Rb, Cs), Fe and As
with purity of 99.9% (for Ca, Cs, Rb, Fe) and 99.9999% (for As) taken in
stoichiometric ratios. The components were loaded into a grinding bowl and
subjected to high-energy milling in a vibrating mill. The obtained powder was
pressed into pellets, which were placed in crucibles and sealed in steel containers.
The heat treatment was carried out at 880 °C, 900 °C and 950 °C for CaKFe;As,,
CaRbFe4As, and CaCsFeqAs,, respectively. All synthesis steps, except for the
mechanical alloying and annealing steps, were carried out under argon atmosphere
inside a glove box.

The phase composition was confirmed by powder X-ray diffraction (Fig. 1 A).
The lattice cell parameters were refined by Le Bayle method and are found to be for
CaRbFe,As, (Fig. 1 A): a=3.87520(17) A and ¢ = 13.0992(7) A, Rp = 7,86 %, wRp =
10,40% and CaKFe,As,: a = 3.8526(6) A and ¢ = 12.817(2) A, Rp = 6,385 %, wRp =
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8,53%. Figure 1 (B) shows the CaCsFe;Ass sample with the lowest, by far, amount of
impurities.

Fig. 1B shows plots of the dependence of magnetic susceptibility on
temperature at zero field, where the onset of the superconducting transition for all
three samples is clearly distinguishable.

Fig. 1. (A) Diffractograms and (B) magnetic susceptibility temperature dependence of the
CaKFesAss CaRbFesAsy and CaCsFesAsy compounds.

In summary, in this work, single-phase polycrystalline samples of CaKFe,As,,
CaRbFe4As,, and CaCsFeyAs, with superconducting transition temperatures of 34,7
K, 35,2 K and 31,3 K respectively, were synthesized and characterized.

The work was financially supported by the RSF grant Ne 23-12-00307, using
the equipment of the LPI shared facility center.
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Cuprate superconducting thin films for heterostructures
with strong spin-orbit interaction interface
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* Moscow Institute of Physics and Technology (National Research University), Dolgoprudny 141701,
Moscow region, Russia

We present results on fabrication and characterization of cuprate superconducting on NdGaOs
substrate, using YBayCu307.5 thin films with an interface exhibiting strong spin-orbit interaction.
For this we utilize epitaxially grown strontium iridate films patterned into mesa-structures in
combination with YBa,Cu307_s Strontium iridates.

Cuprate superconducting thin films for heterostructures with strong spin-orbit
interaction interface.

We present results on fabrication and characterization of cuprate
superconducting on NdGaO; substrate, using YBa,Cu;O;;thin films with an
interface exhibiting strong spin-orbit interaction. For this we utilize epitaxially grown
strontium iridate films [1, 2] patterned into mesa-structures in combination with
YBa,Cu307.5. Strontium iridates Sr1)[rnOsa41) belong to Ruddlesden-Popper series
exhibiting a change from a three-dimensional correlated semi-metal SrlrO; (n—) to
a two-dimensional Mott insulator SrIrO4(n=1) and as the superconductor
YBa,Cu;0s had perovskite crystal structure. In this work, we discuss the structural
features of YBa,Cu;07.5 thin films grown by dc cathode sputtering on NdGaOs; along
with XRD data of cuptate/iridate heterostructures. We discuss the features of electron
transport flowing through the interface, taking into account that insulating Sr,IrO, is a
canted antiferromagnet with weak ferromagnetism of 107 pg per Ir, while well
conducting SrlrOs; is a paramagnetic material, likely being Dirac semi-metal. We
show that electron transport properties of cuprate/iridate interfaces in heterostructures
are promising for application aiming at the development of spin-dependent
superconducting devices.

This work was supported by the Russian Science Foundation, project No. 23-
49-10006.
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Magnetic and superconducting properties of EuRbFe, As,

Alena Levakhova, Nailya Safina, Andrey Sadakov, Vladimir Pudalov

V.L. Ginzburg Centre for High-Temperature Superconductivity and Quantum Materials
P.N. Lebedev Physical Institute of the RAS, 53, Leninsky ave., 119991 Moscow, Russia

For a long time, it was believed that magnetism should suppress
superconductivity because magnetic atoms have a large magnetic moment. In
practice, in magnetic compounds we see coexistence of superconductivity and
magnetism. Among the new class of iron-containing superconductors, the compound
EuRbFe4As,, in which superconductivity and magnetism are realized at the same
time, has unique properties [1]. The crystal structure of EuRbFe;As, is a building
block of two blocks: EuFe,As, and RbFe,As, alternating along the crystallographic c-
axis. The EuFe,As, compound is non-superconducting, while RbFe,As, has a
superconducting transition temperature of ~ 2.6 K. Eu atoms have ferromagnetic
ordering inside the layer and antiferromagnetic between the layers. The rotation angle
between the layers has been calculated and is 90° [2, 3]. EuRbFe, As, single crystals
were prepared from the melt of the native RbAs component (‘self-flux’) [4].
Synthesis of a compound with such a stoichiometric composition is rather
complicated, since phase 1144 competes with phase 122. The slightest fluctuations
during synthesis lead to structural instabilities. The temperature dependences of the
magnetic susceptibility show a superconducting transition at T, = 36 K corresponding
to the compound EuRbFe,As, and magnetic ordering of Eu®" atoms in the ab plane at
Ta=15K.

a) b)

Fig. 1. — a) Temperature dependences of magnetization M(T), b) Temperature dependences of the
density function of the superconducting condensate.

Figure 1 shows the magnetization dependence of the second sample, which, in
addition to the feature at 15 K, shows an additional peak at 19 K, indicating the
presence of EuFe,As, impurities. Such inclusions represent planar defects and can
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serve as pinning centers of Abrikosov vortices [4]. The first critical field H.; (T) was
also investigated for two orientations H // ab and H // c. The reduced density function
of the superconducting condensate was obtained and analyzed, which shows a feature
at 15 K, which confirms the influence of antiferromagnetic ordering on the
superconducting properties. At present, a model is being selected to describe the
obtained dependences in order to determine the gap structure.
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Investigation of critical current
in micron wide NbN single photon detectors

M.D. Soldatenkova'?, E.M. Baeva'?, S.S. Svyatodukh'?,
A.V. Semenov?, A.L Kolbatova'?, G.N. Goltsman'*

"HSE University, 20 Myasnitskaya Str., Moscow, 101000, Russia,
? Moscow Pedagogical State University, 1/1 Malaya Pirogovskaya Str., Moscow, 119991, Russia

Here we report on a study of factors that limit the critical current in superconducting strips of
various widths made from thin NbN films. We focus on the experimental dependence of the critical
current on the external magnetic field at 77 = 4.2 K. Our observations suggest spatially
inhomogeneous energy gap. It can be the main limiting factor for the current density in disordered
NbN films. These findings have implications for superconducting single-photon detectors based on
micron-sized wires operating at low temperatures.

Superconducting single-photon detectors (SSPD) [1] are an integral component
in quantum optics experiments. Such detectors are used in a wide range of technical
applications: quantum communications and quantum computing [2], light detection
and ranging systems — LIDAR [3] and deep space communication [4].
Superconducting single-photon detectors based on micron-sized superconducting
wires (SMSPD) are subjects of interest to the scientific community due to the
advantages. According to the theoretical prediction of D.Y. Vodolazov [5],
superconducting single—photon detector with a width of about several microns can
detect a single infrared or optical photon if the ratio /./I, > 0.7 is maintained, where
Liep is the depairing current for a specific material and structure and . is the critical
current. An experimental demonstration of single photon detection in micron-wide
NbN strips was shown in ref. [6]. However, the critical current /. rarely reaches the
maximum possible current 7, in the experiment due to different defects occurring in
the strip [7] (meander bends, edge roughness, changes in the strip width — transition
from a wide part to a narrow one). Another reason for limiting the critical current is
the influence of material disorder. Nevertheless, superconducting disordered
materials with a high normal state resistivity such as niobium nitride are successful
for single-photon detection [8, 9]. In this work we investigate the factors limiting the
critical current to optimize superconducting devices at low temperatures. The samples
under this study are made from the thin NbN film. The samples are patterned into
bridges of different width w. We estimate normal-state sheet resistance as

~ R . . .
e :ﬁ, where R, 1S normal-state resistance at 20 K, N=Il/w is the number of

s

squares in the sample, where [ is the length of the strip. Parameters of the samples S|,
S5, S5, such as d, w, [, R™ are listed in Table.
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Table. Parameters of the studied samples

Here we focus on the experimental dependence of the critical current on
external magnetic field. We measured the critical current for three samples and
compared our data with the estimated depairing current according to the following
expression [10]:

P 3/2
1,,(T) = (0.74wA(0)"* / eR™ hD) 1—(;] ,
where A(0)=1.764kT. — superconducting gap energy, e — electron charge, D = 0.5
cm?/s — diffusion coefficient for NbN film [17], T = 4.2 K — bath temperature, T, is
the critical temperature that was determined as the point at which the sample lost half
of its resistance in the normal state. It is important to note that the result of our
estimation is far from the condition in ref. [4].

Figure 1. Dependencies of the I./lsep, on the magnetic field in wide (a) and narrow (b) ranges.
Experimental results are shown by red, green, and blue markers for samples S, S,, S, respectively.
In (b), solid and dashed lines are described dependences ~B and ~1/B. The arrow indicates the
magnitude of the magnetic field corresponding to 2Bgop. ¢) Dependence of magnetic field Bgop
corresponding to the penetration of the first vortex on width of the strips. Dashed line — Ginzburg-
Landau model.

Analysis of the behavior of the critical current in a magnetic field is one of the
methods for identifying defects and inhomogeneities in a superconducting film [18].
To investigate the critical current, we measure current-voltage characteristics in an
external magnetic field up to 200 mT at 7=4.2 K. Our experimental results are
presented in figure 1. The experimental data for samples and are plotted in red,
green and blue, respectively. The linear behavior of the critical current dependence at
low magnetic fields indicates the absence of volume pinning centers in the entire
volume of the film and reflects a vortex-free state in the superconducting strip. The
linear dependence is shown in figure 2(b) by dashed lines. When the applied
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magnetic field exceeds a threshold value B>By,,, the sample transitions to a mixed
superconducting state characterized by vortex penetration. These dependencies is
described by solid lines in fig. 2(b).

In figure 2(c) we show dependence of magnetic field By, on width of strips.
Symbols are described experimental values for By,,. Dashed line describes Bgp(W)
dependence calculated using Ginzburg-Landau model [13]

B, (T)=®,/237£(T)w,
where @, — magnetic flux quantum, £(E)=4 nm is the typical coherence length for

NbN [11]. Our experimental By, values are consistent with the proposed theoretical
model. It may indicate the absence of edge defects in the strips. However, we observe
a decrease in the critical current value in comparison with the depairing current. This
experimental observation suggests the presence of an inhomogeneous energy gap in
disordered NbN films. The formation of weak regions (sections of the strip with a
locally suppressed superconducting gap) leads to the premature breakdown of
superconductivity at current densities below the theoretical depairing current. These
defects can be the main limiting factor for the current density [8].
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Control of magnetoresistance of Py/Nb heterostructure
using hysteresis properties of magnetic domain structure

L.S. Uspenskaya, S.V. Egorov

ISSP RAS, Chernogolovka, Russia

Magnetoresistance of permalloy-niobium heterostructure is controlled by the type of magnetic
domain walls formed in the permalloy layer. Magnetoresistance is negative or positive depending
on the type of domain walls, Neel or Bloch one. The effect is greater the more walls are involved in
the magnetization reversal process. In this report, we discuss a method for changing the number and
direction of walls to provide a wide biased hysteresis loop, thereby expanding the range of fields
with increased magnetoresistance and memristor-effect.

Magnetoresistance of permalloy-niobium heterostructure is controlled by the
type of magnetic domain walls formed in the permalloy layer [1]. It was stated in [1]
that the magnetoresistance is negative or positive depending on the type of domain
walls, Neel or Bloch one, Fig. 1. However, it looks like the explanation given in [1]
contradicts to the observation of variation of the type of magnetic domain walls in
permalloy films fabricated by magnetron evaporation. The change of the type of
domain walls from Bloch type in films with thickness of 10 nm by Neel type in films
of 30 nm thick, and by cross-tie walls in films of 100 nm were observed by direct
imaging in [2], some examples of the structures could be seen in Fig.2 (a-c) (courtesy
of Gornakov V.S.). Thus, it have to be the Bloch walls in 20 nm film and Neel walls
in 60 nm film.
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This paper reports on the dependence of the type of magnetic domain wall and
the number of the wall in permalloy-niobium heterostructures upon the magnetic
prehictory. Fig. 2 (d-f) shows some examples of different type of the walls obtained
in the same bilayer stripe at 7 K. Fig. 2d shows the domain structure, obtained
following the single-domain state of permalloy, Figs. 2e, 2f correspond to frozen
domain structure. The magnitude as well as the sign of the magnetoresistance for
these structures is different, since the density of domain walls is different and the
direction of the walls is different: dense transverse walls provide large increase in the
resistance of the heterostructure, while longitudinal walls reduce to some extent the
resistance by creating a “conducting channel” along the structure because of
“reentrant” superconductivity [3]. It is important to note also that different types of
the formed domain structure correspond to hysteresis loops of different widths and
different bias. For example, coercivity for structure like in Fig. 2d equals +7 and -7
Oe, while for structure in Fig. 2e it is +35 and -15 Oe. In conclusion, we discuss the
methods for controlling the structure of magnetic domains, which allow changing the
number and direction of walls, provided expansion and additional displacement of the
hysteresis loop, thereby allowing the widening of the range of fields with increased
magnetoresistance  and memristor-effect in  ferromagnet-superconductor
heterostructure.
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Usadel theory of dirty altermagnet-superconductor
hybrid systems
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Starting from microscopic Gor’kov theory we derive the Usadel equations describing the
superconducting states in dirty superconductor-altermagnet (S/AM) hybrids. We show that the
effect of the altermagnetic exchange field can be reduced to effective magnetic impurities in
analogy to the Dyakonov-Perel mechanism of spin relaxation. The resulting behaviour of
superconducting gap, critical temperature and density of states are studied.

Altermagnetism is a recently discovered type of magnetic ordering. It
combines traits of both ferro- and antiferromagnets, such as zero total magnetization
and Zeeman-like spin-splitting [1]. Due to strong momentum-dependent exchange
field, altermagnetism also bridges the gap between magnetism and spin-orbit
coupling. The study of proximity effects in superconducting-magnetic hybrid systems
and the influence of spin-orbit coupling (SOC) on superconductivity plays a crucial
role in modern solid-state physics, making superconductor-altermagnet (S/AM)
hybrids particularly promising as they present an opportunity to study a unique
combination of these phenomena. Another important direction in the physics of
superconductors is the effects of disorder. In the context of superconducting-
antiferromagnet hybrid systems, as demonstrated in Ref. [2], the introduction of non-
magnetic impurities may either suppress or restore superconductivity, depending on
the chemical potential value.

In our work we focus on the study of possible disorder effects in S/AM
structures. As a generic example, we consider a simplified model of S/AM hybrid
system: a thin film of dirty superconductor placed on surface of the altermagnetic
insulator. The altermagnet is assumed to be planar with the exchange field orthogonal
to the interface, meanwhile superconductor in question is assumed to possess a
conventional s-wave pairing. We derive the Usadel equation starting from the
standard delta-correlated noise to model the disorder. To catch the effect of
altermagnetic exchange field we take into account higher momentum harmonics in
the expansion of the quasiclassical Green function. After the careful consideration we
show that in the leading order the influence of the altermagnetic exchange field can
be reduced to the effective magnetic impurities with easy axis and spin-flip time
proportional to [<h, >]r, where [7,]is the non-magnetic scattering rate and

[<h, >] is the average square of the exchange field over the Fermi surface. This

result appears to be a direct product of SOC-like nature of altermagnetism. Obtained
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scattering rate is in agreement with the estimate based on the consideration of the
Dyakonov-Perel mechanism of spin relaxation.

This work has been supported by the Russian Science Foundation (Grant No.
25-12-00042).
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Status and trends of large-scale applications
of superconductivity in 2025
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The final result of most old and new discoveries in physics is the development
and application of new devices based on them in industry, everyday life, medicine
and military equipment. This also applies to the phenomenon of superconductivity,
for 114 years now. Considering the large-scale applications of both low and high-
temperature superconductivity (LTS and HTS), there are both obvious successes and
some failures. Any application of superconductivity can be divided into two types:
enabled — that is, allowing you to get a new quality or the only one possible using
superconductivity; or replaced — replacing old devices with improved parameters.
The division is conditional, but allows us to assess the degree of demand or necessity
for a particular application. Taking this division into account, the paper presented
provides examples of the most important successes of large-scale applications of
superconductivity in recent decades. The successes in obtaining and producing
superconducting materials, the main trends and directions of developments in the
field of medicine, electrical engineering and power engineering, high-energy physics,
controlled thermonuclear fusion, etc. are discussed.

The final result of most old and new discoveries in physics is the development
and application of new devices based on them in industry, everyday life, medicine
and military equipment. This also applies to the phenomenon of superconductivity,
for 114 years now. Considering the large-scale applications of both low and high-
temperature superconductivity (LTS and HTS), there are both obvious successes and
some failures. Any application of superconductivity can be divided into two types:
enabled — that is, allowing you to get a new quality or the only one possible using
superconductivity; or replaced — replacing old devices with improved parameters.
The division is conditional, but allows us to assess the degree of demand or necessity
for a particular application. Taking this division into account, the paper presented
provides examples of the most important successes of large-scale applications of
superconductivity in recent decades. The successes in obtaining and producing
superconducting materials, the main trends and directions of developments in the
field of medicine, electrical engineering and power engineering, high-energy physics,
controlled thermonuclear fusion, etc. are discussed.
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The development of superconducting materials
in Bochvar Institute

Ildar Abdyukhanov

ISC

The results of the development of technical superconducting materials for
different applications are presented in this report.

Bochvar Institute (JSC VNIINM) deploies technologies low-temperature
superconductors as Nb;Sn and Nb-Ti and technologies of stating materials for the
producing the high temperature superconductors Y (Gd)-Ba-Cu-O.

Presently Bochvar Institute produces new different types of ceramic targets for
production of high temperature superconductors Y(Gd)-Ba-Cu-O. These ceramic
targets are designed for laser sputtering and contain nanoparticles as doping elements.
Developed ceramic targets can be used for producing high temperature
superconductors Y (Gd)-Ba-Cu-O with enhanced characteristics.

Also it is shown that the same approaches (using nanoparticles) can be used for
improving the properties of Nb;Sn superconductors.
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Design and application of the Muon Source Project at CSNS

Yu Bao, Chen Wu, You Lv, Qiang Li, Yang Li, Cong Chen, Haiyan Du,

Meichan Feng, Yan Feng, Xiaoyin Mo, Nikos Vassilopoulos, Lei Liu,

Guangyuan Wang, Junsong Zhang, Yongji Yu, Huayan He, Jiaxin Chen, Jiebing Yu,
Changdong Deng, Junhao Wei, Yuwen Wu, Wenqin Zhang, Yuntao Liu,

Pengcheng Wang, Gang Zhang, Yinglin Ma, Sixuan Zhuang, Huihong Liang,

Ning He, Yu Liu, Ao Cao, Congju Yao, Zhiduo Li, Yuanguang Xia, Jun Xu,
Yuliang Zhang, Yongcheng He, Xin Qi, Wen Yin, Ziwen Pan, Tianyi Yang,

Hao Liang, Bangjiao Ye, Sheng Wang

Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China,
Spallation Neutron Science Center, Dongguan 523803, China,

State Key Laboratory of Particle Detection and Electronics,

University of Science and Technology of China, Hefei 230026, China,

University of Science and Technology of China, Hefei 230026, China

A Muon station for sciEnce, technoLOgy and inDustrY (MELODY) project
has started construction in the beginning of 2024 at China Spallation Neutron Source
(CSNS). A stand-alone target station is designed to produce pions and muons.Three
muon beamlines are designed for various applications, including a surface muon
beam, a dedicated negative muon beam and one decay muon beamline. A muSR
spectrometer is designed with 3024 detectors. In this report, we introduce the
application of muons in condensed matter and superconducting materials, and
describe the design and progress of MELODY.

Muon beams have been used in various applications including particle physics
[1] and material research [2]. The muon spin rotation/relaxation/resonance (USR)
techniques use the high sensitivity of polarized muon spins to magnetic fields to
study the microscopic magnetic structure and dynamics of condensed matter. In
China, we have designed a Muon station for sciEnce, technoLOgy and inDustrY
(MELODY) based on China Spallation Neutron Source (CSNS). The project will be
constructed during the Phase II upgrade of CSNS. As a start-up project, we will build
one surface muon beamline with one USR spectrometer and leave the decay muon
beamline and more terminals for the future. Here we briefly introduce the CSNS
facility and report the progress of the design and technique development of
MELODY.
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Investigation of the vortex structure pinning
in irradiated 2G HTS wire

P. Degtyarenko

S-Innovations LLC

In this work the results of investigation irradiated samples of 2G HTS wires is
presented. The irradiation is performed by 8 MeV Au, 12 MeV Ni and 15 MeV O
ions and Xe, Kr and Bi ions with energies 167, 292 and 670 MeV correspondingly.
These results findings demonstrate the potential of ion irradiation as a practical
method for enhancing the superconducting properties of 2G-HTS wires, paving the
way for their industrial application in high-field environments.

We systematically studied the superconducting properties in magnetic field of
2G HTS wire samples before and after irradiation. The samples were irradiated by
different ions (O, Ni, Au, Xe, Bi, Kr) and with different energies. The non-irradiated
samples were fabricated by PLD, using commercial production equipment.
Superconducting properties of the samples were measured in the field range from 0 to
16 T and various temperatures. The samples were uniformly irradiated at room
temperature by scanning the ion beam over their whole surface at different
equipment. We performed irradiation experiments using 18 MeV Au, 12 MeV Ni and
15 MeV O ions accelerated by a tandem ion accelerator, targeting 2G-HTS wires
composed of YBCO, EuBCO/BHO, GdBCO, or (NdEuGd)BCO and YBCO samples
were irradiated on cyclotron U-400 by Xe, Kr and Bi with energies 167, 292 and 670
MeV correspondingly. TRIM simulations suggested that ion penetration and energy
loss varied by ion type, affecting defect formation and superconducting performance.
The presence of heavy rare-earth elements in the HTS material increased
susceptibility to ion irradiation, leading to more pronounced improvements in Ic. The
results of microstructural studies by transmission electron microscopy (TEM) and X-
ray diffraction methods are given. These results findings demonstrate the potential of
ion irradiation as a practical method for enhancing the superconducting properties of
2G-HTS wires, paving the way for their industrial application in high-field
environments.
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High temperature superconductor: an affordable material for energy,
science and transport

M. Moyzykh

SuperOx

High temperature superconductors (HTS) are commercially available since eatly
2010s. Development of reel-to-reel deposition processes enabled fast scaling of their
production volume. Modern producers from Russia, Japan, China, EU and other countries
have annual capacities exceeding 1500 km of 4mm HTS wire each. The cost of HTS
production per unit length is rather similar between most producers thus the competition
occurs in wire current-carrying capacity: each producer aims to provide the best current-
to-cost ratio to the customer. Some producers, specifically from Russia and Japan, provide
the best current-carrying properties in specific conditions (over 10 T magnetic fields and
sub 20 K temperatures), which made these countries dominate at modern HTS market,
achieving roughly 90% public market share.

Modern HTS world market is mostly driven by fusion science, followed by
energy applications such as HTS fault current limiters and cables, and emerging
propulsion applications. HTS utilization in most of these applications provides cost
benefit since alternative (non-HTS) options feature significantly higher overall costs.
Moreover, HTS cost share for listed applications is in range of 5 — 30% which is
marginally less than economic effect, indicating HTS cost does not affect overall
economic effect of the project. In other words, for the applications listed, HTS is
easily affordable material.

The report supports above-mentioned statements by covering cost structures of
modern HTS applications in relation to their economic efficiency as well as
discussing determining reasons limiting widespread HTS equipment utilization. It
also presents quantitive approaches for cost optimization among potential
applications with higher HTS cost sensitivity, motivating targeted project viability
determination.
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Superconducting magnetic system
for small-scale spherical tokamak MEPHIST-1

S. Pokrovskii'?, M. Osipov'?, 1. Martirosian'?,
M. Novikov?, P. Degtyarenko’, S. Krat'

! National Research Nuclear University MEPhI, Moscow,
2 Joint Institute for Nuclear Research, Dubna

The key parameter of any tokamak operation is the magnitude of the magnetic
field in the plasma generation region. The report presents the results of conceptual
design of superconducting magnetic system for the small spherical tokamak
MEPHIST-1 developed in NRNU MEPhI (Russia, Moscow). For design of tokamak
magnetic system HTS tapes of SuperOx production as well as modified tapes with
artificial pinning centers produced using high energies ion irradiation (more than 100
MeV) were considered. Based on the obtained data, a numerical analysis of the
tokamak magnetic system coils (toroidal and poloidal magnets) and operation
regimes was performed.

The key parameter of any tokamak is the magnitude of the magnetic field in the
plasma generation region. The toroidal (TF) and poloidal (PF) magnetic field coil
systems are responsible for generating the primary magnetic field required for plasma
formation and stability. Low-temperature superconductors have already been
implemented in magnetic systems of nuclear fusion devices. The development of
high-temperature superconductivity makes it possible to obtain high magnetic fields
at relatively high temperatures, which simplifies the cryogenic system required to
cool the magnets. Recently, significant progress has been made in the design and
manufacture of superconducting magnetic systems in small-scale tokamaks. An
example is the successful generation of plasma in the all-high-temperature
superconducting tokamak HH70 in 2024 (the magnetic field was about 0.6 T) [1].
Large-scale low-temperature superconducting (LTS) tokamaks, such as EAST [2]
and KSTAR [3], have demonstrated long-pulse and high-performance plasma regime.
The development of conceptual compact tokamaks such as SPARC [4] has stimulated
interest in high-field designs based on high-temperature superconductors (HTS). In
the research by Zhai et al. [5] the superiority of HTS REBCO conductors in high
magnetic fields was demonstrated. The transition from LTS to HTS materials, in
particular second-generation (2G) REBCO coated conductors, has been recognized as
a key step in achieving higher magnetic fields and improving stability.

The report presents the results of conceptual design of superconducting magnetic
system for the small spherical tokamak MEPHIST-1 developed in NRNU MEPhHI
(Russia, Moscow). For the tokamak’s magnetic system, HTS tapes produced by
SuperOx (4 mm wide, critical current over 160 A at 77 K in self field (SF) with standart
lift factor) were considered. Modified tapes with artificial pinning centers created using
high energy ion irradiation (over 100 MeV) we’re also suggested. In this study, we
present the results of magnetic and transport measurements of the pristine and modified
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HTS tapes and report an over two-fold increase in the critical current in wide range of
temperatures (from 4.2 to 65 K) and magnetic fields (up to 5 T).

Based on the obtained data, a numerical analysis of the coils in the tokamak’s
magnetic system (toroidal and poloidal magnets) was performed, and the magnetic
field distribution in the system was calculated. The target parameter is the value of
the working magnetic field at a distance of 25 cm from the tokamak center. The
calculation considered the geometric parameters of the vacuum chamber and the
required operating modes of the magnetic system for ignition and plasma
confinement. Two types of cables for superconducting magnets were analyzed: cables
with a conductor on a round core (CORC®), consisting of spirally wound REBCO
tapes (the total number of tapes in the cable was 50) and a cable made of HTS tapes
tightly stacked on one another. The radial profiles of the magnetic field showed low
corrugation and smooth gradients which meets the requirements for effective plasma
confinement.

For the proposed configurations, the load curves of superconducting magnets at
different temperatures were obtained. The operating points were selected. The
mechanical characteristics of the magnetic system were analyzed for the pulsed and
steady-state operation regimes of superconducting systems. The distribution of the
magnetic field and mechanical stresses in the poloidal and toroidal magnetic field
systems of the spherical tokamak was calculated, and the value of the transport
current required to achieve the target magnetic field (1 T at 37.1 K) in the steady-
state mode was determined. The main parameters such as the maximum toroidal field
(more than 1.5 T) and peak current were determined using a standard HTS tape.
Using a modified tape, the magnetic field can be increased to 2 T at the same
temperature, which corresponds to the latest achievements in magnetic fields in small
tokamaks. The results of this study can be used in the development of the Tokamak
with Reactor Technologies (TRT), Russia.

Studies of HTS tapes irradiated with high-energy ions was carried out within
the project funded by the Ministry of Science and Higher Education of the Russian
Federation, Project «Fundamental and applied research at the NICA (JINR)
megascience experimental complex» FSWU-2025-0014.
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Development of a superconducting fuse based on second-generation
high-temperature superconductors for their use in limiting
short-circuit currents in high-voltage networks

N.N. Balashov, A.Yu. Arkhangelsky,
V.V. Zheltov, A.I. Shurkalin, K.L. Kovalev

Joint Institute for High Temperatures of the Russian Academy of Sciences

Examples of major accidents in power systems:

08/14/2003 (USA) power line failure and subsequent rolling blackouts, damage
$ 6 billion.

05/23/2005 (Russia) rolling blackouts due to a minor accident at the Chagino
substation. Damage in Moscow and the Moscow region is 2.2 billion rubles.

09/28/2003 (Italy) as a result of damage to a power line and subsequent
blackouts, 56 million people were left without power for 16 hours.

At the same time, the probability of major accidents (according to the Russian
standard, these are accidents with damage from 5 to 500 million rubles) is 10°~10,
that is, a major accident is likely on a unit of powerful equipment once every 10
years.

In the event of a short circuit, a tenfold excess of current over the nominal
value is considered acceptable. However, in a powerful electrical network, the current
can increase 50-100 times already in the first 10-20 ms, while the response time of
most used protection relays is 120 ms, and promising (vacuum switches) — about 30-
50 ms. Therefore, the problem of creating current-limiting devices has become
especially relevant in all developed countries.

1. Relevance

Examples of major accidents in power systems:

08/14/2003 (USA) accident on a power line and subsequent rolling blackouts —
damage $ 6 billion.

05/23/2005 (Russia) rolling blackouts due to a minor accident at the Chagino
substation. Damage in Moscow and the Moscow region 2.2 billion rubles.

09/28/2003 (Italy) as a result of damage to the power transmission line and
subsequent outages, 56 million people were left without power for 16 hours.

At the same time, the probability of major accidents (according to the Russian
standard, these are accidents with damage from 5 to 500 million rubles) is 10’3—104,
that is, a major accident is likely on a unit of powerful equipment once every 10
years.

In the event of a short circuit, a tenfold excess of current over the nominal
value is considered acceptable. However, in a powerful electrical network, the current
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can increase by 50-100 times already in the first 10-20 ms, while the response time of
most used protection relays is 120 ms, and promising (vacuum switches) — about 30-
50 ms. Therefore, the problem of creating current-limiting devices has become
especially relevant in all developed countries.

2. Novelty

Indeed, by replacing the windings of current-limiting reactors with
superconducting ones, it is possible to reduce losses in the operating modes of
electrical networks, and the use of superconducting current limiters (SCL), for
example, of the resistive type, allows for an additional reduction in the level of shock
impact on equipment when a short circuit occurs in the network. However, one
cannot count on a reduction in the cost of current limiters. Depending on the power,
the estimated cost of one HTSC current limiter, even in serial production, will be
from 1 to 10 million $. The question of the service life of this equipment also remains
open — in emergency mode, the winding heats up within several ms. With such
thermal shocks, it is difficult to avoid degradation of the superconductor. Finally, all
versions of HTSC current limiters (possibly with the exception of low-voltage SCL)
must be equipped with additional switches with a response time of 3040 ms.
Ensuring such a response time at high currents and voltages is an additional technical
problem. The relevance of the task is also confirmed by the intensity of publications
devoted to this topic.

There is no information about the SOT variant proposed in this project.

The solution we propose is the use of a superconducting fuse that is devoid of
the above-mentioned drawbacks. The working element of the fuse is a fusible link
made of HTS tapes, which is completely destroyed when an emergency mode occurs.
The current is displaced into the shunt, which limits its value until the network is
disconnected by a standard relay protection and automation system (after 120 ms).
The design does not require a tracking system — the insert begins to heat up when its
critical current is exceeded. No additional switches are required. The destruction time
of the insert, due to its special design, should not exceed 5 ms. This is enough to limit
the shock current to permissible values in networks of almost any capacity. The
length of the insert is about 1 m. Therefore, the power spent on cooling the fuse in the
nominal mode will be no more than 10 kW. All other elements of the design are made
of ordinary materials and do not require replacement after an accident. As a result,
the cost of maintenance is reduced by at least an order of magnitude. The HTSC fuse
can also be used in other devices as a high-speed switch.

3. Results

Connection diagram of the HTSC fuse.
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The protected section of the network is a generator with the corresponding
active resistance and inductance. The current limiter consists of a superconducting
fuse and an active non-superconducting shunt. In the nominal mode, the current flows
exclusively through the superconducting fuse insert.

The short circuit situation is simulated by closing the related key. During a
short circuit, the current through the insert almost instantly exceeds the critical value
for its superconducting layer. The insert heats up and completely breaks down, the
current is forced into the shunt. The purpose of the shunt is to limit the current until
the relay protection is disconnected, that is, within approximately 120 ms.

Experimental studies were carried out at the Scientific and Technical Center of
FGC UES. We selected the following operating parameters of the source (generator):
U=1kV, f=50Hz, I =370 A, Number of phases is one. The surge current value in
our experiments was 7-9 standardized values, i.e. 2.6-3.33 kA. Of course, it cannot be
chosen arbitrarily, since it depends not only on the insert characteristics, but also on
the characteristics of the protected network. The shunt resistance can indeed be
chosen arbitrarily. It determines the current in the "current limitation mode", i.e. until
the moment the relay protection and automation system is turned on. Our shunt
resistance was 1.15 Ohm, and the actual voltage was 1.16 kV. So the effective current
value after the insert burnt out was 1 kA. The surge voltage value during insert
burnout was from 1.8 to 2.8 kV (depending on the composition of the HTS tape).

4. Application area

In any networks of medium and high voltage (up to 220 kV).
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Electric machines with HTS windings

N. Ivanov, V. Kaderov, S. Zanegin, V. Zubko

Moscow Aviation Institute

Development, experimental research and trial operation of systems based on
devices with high temperature superconductors (HTS) are the next steps in the field
of applied superconductivity. In this case new methods of calculation and design of
such systems should be developed. In this paper we provide preliminary scheme of
the system which include HTS generator and cable, rectifier, battery and cooling
system. Besides main parameters and calculation results of main parameters of the
devices are de-scribed in the paper. Considered system will be used for verification of
new calculation methods for such systems and for future experimental research of
HTS devices behavior

Development, experimental research and trial operation of systems based on
devices with high temperature superconductors (HTS) are the next steps in the field
of applied superconductivity. In this case new methods of calculation and design of
such systems should be developed. In this paper we provide preliminary scheme of
the system which include HTS generator and cable, rectifier, battery and cooling
system. Besides main parameters and calculation results of main parameters of the
devices are de-scribed in the paper. Considered system will be used for verifica-tion
of new calculation methods for such systems and for future experimental research of
HTS devices behavior.
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Superconductive undulators used for synchrothon radiation
generation produced by Budker INP

F. Kazantsev, N. Mezentsev, V. Shkaruba

Budker Institute of Nuclear Physics

Modern synchrotron radiation facilities have extremely low electron beam
emittance, what allows to generate SR with narrow harmonics using superconductive
undulators. Therefore, serious requirements are imposed on the magnetic field
structure of the undulators — it’s necessary to provide as low as possible phase error
value. In this paper recent works and developments in the field of superconductive
undulators at Budker INP are descibed.

Nowadays undulators are widely used as synchrotron radiation sources. For
example, at the SR facility «SKIF» being built now there would be three stations
based on superconductive undulators. This facility belongs to generation 4+ and
stands in the same row with such synchrotron radiation facilities as «MAX IV» and
«ESRF».

The criterion of a «quality» of the undulator is a phase error. This characterizes
uniformness of the magnetic field amplitude from each individual pole — the lower
the phase error than the harmonics in the spectra of the output synchrotron radiation
become narrower. The influence of the phase error on the synchrotron radiation
becomes stronger at the higher harmonics of the undulator spectra.

The main disadvantage of superconducting undulators compared to traditional
ones (based on permanent magnets) is the limited adjustment capabilities, in
particular, the almost complete impossibility of regulating the magnetic field level of
each pole separately. Budker INP is actively working to overcome this drawback. A
method for correcting the phase error of the undulator by introducing correcting
currents into pole groups, as well as an algorithm for calculating their values, has
been developed. Such correction allows one to improve the spectrum of an already
manufactured undulator without resorting to, as a rule, extremely labor- and time-
consuming operations to fine-tune the magnetic structure.

A full-size prototype of the undulator for SKIF was manufactured with a period
of 15.6 mm and a magnetic field of 1.2 T. The initial phase error in it was 8 degrees,
but with the help of correction it was possible to reduce it to 2.5-3 degrees.

An attractive way to reduce a phase error is to find out characteristics of each
pole of the undulator precisely and then install them in a certain order while
assembling the undulator. A device for individual pole magnetic measurements for
their further sorting was developed and is being tested and upgrading now. A
measurement error of 0.2% was achieved, however long-term repeatability is much
worse, about 1.5% — the data floats away monotonously for unknown reasons, likely
connected with constructive design features of the system.
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Magnetic measurements of a produced undulator should be singled out
separately. Currently, a Hall sensor is used for this purpose. This method provides
good measurement accuracy, but has limitations — low measurement speed and the
need to have a sufficient vertical interpolar gap of the undulator, which tends to
decrease constantly. In the foreseeable future, it may be impossible to place a carriage
with a Hall sensor. An alternative is methods based on a stretched wire. These
methods cannot currently be used as a full replacement for the Hall sensor, due to
unresolved difficulties in obtaining high-quality data, but they have two advantages —
undemanding to the vertical gap of the undulator and high data acquisition speed. The
time of a single measurement with a wire takes about a second, while Hall requires
about 1 hour for scanning. Nevertheless, wire measurements are close in accuracy to
Hall sensor scans, losing to them by less than one order of magnitude.
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Synchronous Electric Machines with Superconducting Stator and
Rotor Windings

K.L. Kovalev, D.S. Dezhin, R.I. Ilyasov

Moscow Aviation Institute

This work discusses the current state and prospects of the concept of an aircraft
equipped with fully electrified systems, highlighting its advantages and potential
impact upon implementation. Currently, airplanes utilize three secondary energy
systems: the power supply system, hydraulic system, and pneumatic system. This
configuration for onboard power supply systems in future aircraft is not optimal. One
of the most promising directions for creating a competitive airplane is transitioning to
the concept of an aircraft with fully electrified equipment. A fully electric aircraft
(FEA) is defined as one with a centralized power supply system that meets all the
aircraft's energy needs.

The FEA concept includes a system that employs superconducting (SC)
electric motors to drive the fan thrusters. It is proposed that either an SC generator
powered by a gas turbine operating in optimal mode on hydrogen or kerosene-
hydrogen fuel be used as the energy source for the motors. This power plant reduces
noise, decreases pollutant emissions, and shortens the runway required for takeoff
and landing.

The analysis considers the potential use of cryogenic electric machines in
aviation. Results of analytical calculations of two-dimensional magnetic field
distributions in SC machines, as well as parameters of SC machines in motor and
generator regimes are presented. It is shown that the use of modern SC materials
enables specific power values exceeding 10-15 kW/kg. This cryoplane integrates
several modern trends in aircraft manufacturing:

. The use of liquid hydrogen as a fuel;
. The application of turbojet propulsion that combines high turbine efficiency
with a wide range of speed adaptability;

. The incorporation of SC generators and motors, allowing for higher power
output than gas turbines;

. The placement of SC generators within the aircraft fuselage, reducing noise
and infrared detectability;

. The cryoplane features zero emissions of greenhouse gases and harmful
substances.
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Alternating Current Oscillation Shaper
for Superconductor Research

E.P. Krasnoperov, N.S. Levchenko, A.V. Prutkov

NRC

A power source has been developed that generates various configurations of
alternating current oscillations of a given duration. In this way, thermal disturbances
are added to the superconductor in small, controlled portions, which allows studying
dynamic processes on alternating current with amplitudes /, exceeding the average
critical values I..

Measurements allow predicting the appearance of a narrow normal zone and
determining the conditions for stable operation of the superconductor at 7, > I.. The
process of thermal instability development in liquid nitrogen up to burnout has been
studied using electrical and optical methods on 50 um thick superconducting tapes.

The work was carried out within the state assignment of NRC «Kurchatov
Institutey.
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Combined experimental and numerical study
of normal zone propagation in non-insulated HTScoils

I.V. Martirosian, D.A. Aleksandrov, A.Y. Malyavina, S.V. Pokrovskii

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute)

In this work, we present a combined experimental and numerical study of
normal zone propagation in pancake coils wound out of REBCO tapes. Longitudinal
and transverse NZP have been investigated. To ensure proper thermal contact
between the coils and solid nitrogen, a specially modified have been designed. The
quench was simulated using resistive heaters embedded between the coil layers. To
simulate NZP behavior in HTS coated conductors, a finite element method-based
model was developed in COMSOL Multiphysics software.

High-temperature superconductors (HTS), particularly REBCO (rare-earth
barium copper oxide) coated conductors, have gained much interest due to their
substantial advantages in high-field and high-current applications like
superconducting magnetic energy storage (SMES) systems [1], magnetic levitation
(maglev) transportation [2], and compact high-field magnets for fusion reactors,
nuclear magnetic resonance and magnetic resonance imaging systems [3]. In these
applications, thermal stability and effective quench protection are essential for
operational reliability. Therefore, one of the key parameters in this context is the
normal zone propagation (NZP) velocity. While HTS offer high current densities and
better temperature and magnetic field operating intervals, their inherently low NZP
velocity—especially compared to low-temperature superconductors—poses a unique
challenge. This issue becomes even more pronounced in cryogen-free systems where
traditional liquid cryogen immersion is not feasible. Solid nitrogen (SN:) has
emerged as a viable cryogen for HTS applications due to its high volumetric heat
capacity, relatively broad operational temperature window (4.2-63.15 K), and
mechanical compatibility with compact coil assemblies. However, the phase change
peculiarities of SN2, particularly its sublimation under localized heating under low
pressure, introduces new and complex dynamics in NZP behavior that must be
studied for future applications.

In this work, we present a combined experimental and numerical study of
normal zone propagation in pancake coils wound out of REBCO tapes. Longitudinal
and transverse NZP have been investigated. To ensure proper thermal contact
between the coils and solid nitrogen, a specially modified have been designed. The
quench was simulated using resistive heaters embedded between the coil layers. To
simulate NZP behavior in HTS coated conductors, a finite element method-based
model was developed in COMSOL Multiphysics software. The model incorporates
electromagnetic-thermal coupling, complex temperature and pressure dependencies
of nitrogen phases’ thermal parameters and phase changes, and temperature
dependent current redistribution implementation.
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The experimental results reveal that longitudinal NZP velocities were higher
than transverse velocities, consistent with expectations for anisotropic thermal
conductance in tape geometries. However, under sustained heating a substantial
decline in propagation velocity has been observed. This could be explained by the
formation of nitrogen vapor pockets due to sublimation and/or rapid melting and
evaporation. These vapor pockets effectively decouple the solenoid thermally from
the surrounding solid nitrogen, acting as localized thermal insulators. Numerical
calculation results are in a good agreement with the experimental data showing
similar values for NZP velocities. The model illustrates the normal zone behavior
under different applied current and cooling conditions. The model further illustrates
how thermal interface degradation due to sublimation and/or rapid melting and
evaporation leads to abrupt changes in local heat transfer rates. Notably, in regions
where the sublimation occurs, there is a delay in thermal response that may obscure
voltage-based quench detection methods.

This study highlights the importance of combined experimental-numerical
approaches in understanding quench behavior in SN2-cooled HTS systems. While
solid nitrogen provides favorable bulk thermal stability, its phase-change behavior
complicates quench dynamics.

The study was supported by a grant from the Russian Science Foundation No.
24-79-00278, https://rscf.ru/project/24-79-00278/.
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Calculation and Experimental Measurement of Inductances
in Superconducting Structures
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Superconducting quantum interferometers (SQUIDs) are key components in digital
superconducting electronics, used for information processing and easily tunable by external signals.
Their design requires precise inductance calculation, for which wxLL software is applied.
Numerical modeling and experiments on two-junction interferometers showed strong agreement,
enabling reliable inductance estimation. Additional tests in the 1.2-8 K range confirmed that
inductance varies with temperature, offering a way to tune device performance and refine London
penetration depth estimates.

For a long time, superconducting quantum interferometers (SQUIDs) are used
as a key components of superconducting digital electronics. They are suitable for
receiving, transmitting, and converting information, and their properties can be easily
tuned by external current signal. Digital superconducting devices are typically
designed as multilayer thin-film structures above a superconducting ground plane.
While developing their design, one has to shape superconducting lines to achieve
optimal inductance values derived from numerical optimization of circuit schematics.
To do this, a software is essential capable of calculating inductance for a given
sample structure.

We demonstrate that the wxLL software [1], which solves Maxwell’s and
London equations for a given cross-section, is an effective tool for this task. We
numerically modeled two-junction interferometers in four designs, using three
superconducting layers separated by insulating layers. The bottom layer serves as a
superconducting screen, while the other two form the control line and interferometer
loop. The results included per-unit-length values of self- and mutual inductances for
stripline structures fabricated in the second and third layers.

To validate these results, we conducted experimental studies of four series of
two-junction interferometers with similar cross sections. The interferometers had a U-
shape, with Josephson junctions at the ends of the «U», and a variable-length crossbar
for different samples of the same design. This configuration enabled determination of
per-unit-length and total inductances of the striplines for comparison with the
calculated values. The comparison showed agreement within a few percent relative
error. The results also allowed us to develop heuristic approaches useful for
preliminary estimates.

Experimental studies in the temperature range of 1.2-8 K allowed us to
construct the temperature dependencies of self- and mutual inductances. The goal of
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these measurements was to evaluate the possibility of ‘tuning’ the transfer function of
a superconducting neuron [2] by varying the temperature. The experiment showed a
20-30% increase in inductance within this range and predicted the potential for
effective tuning of the transfer function in the 6-8 K range. The good agreement
between theory and experiment makes it possible to reconstruct the temperature
dependence of the London penetration depth, which is a key parameter in the design
of neuromorphic interferometers.

This work was supported by Russian Science Foundation grant No. 23-72-
00053. Sample fabrication was performed using the unique scientific facility
«Kryointegral» (USF No. 352529), Institute of Radio Engineering and Electronics,
RAS.
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The effect of S MeV electron irradiation at 165 K
on the structure and magnetic properties of YBCO based HTSC tape

Akhmad Shodiev, Malika Mussaeva, Elvira Ibragimova
Institute of Nuclear Physics of the Academy of Sciences of the Republic of Uzbekistan, Tashkent, Uzbekistan

This study investigates the effect of high energy electron irradiation to a fluency of 5x10™ cm™? at
165 K just above the superconducting transition onset on the crystal and electronic structure and
resistivity/magnetoresistance in applied magnetic field of 0.56 Tesla in the temperature range of 80-
300 K. Ten times decrease in magnetoresistance with maximum at 160 K is attributed to
paramagnetic charged oxygen vacancy centers acting as effective pinning centers with a separation
of ~1 nm. This irradiation method optimizes YBCO tape performance and seems promising for
high-field magnet applications.

Metal-coated HTSC-2 tapes are used in high-current cables, energy storage and
accelerators [1], although high energy particles (4 MeV electrons, 3x10'° ¢ /cm®) are
known to induce defects and deformations that reduce critical current density (J.)
and E-J slope [2, 3]. Since this fluency produces defects at a distance <0.1 nm, which
is less than the coherence length and therefore destroys Cooper pairs, increases R and
decreases J., the aim of this work was to determine the irradiation conditions when a
defect density is much less and possible increases the J; in multilayer HTSC-YBCO
tapes.

Sample details & methods. Material: SuperOx (S-Innovations, Russia-Japan)
HTSC-2 tapes (4 mm-wide YBCO layer: 5-8 um on steel C-276 substrate, coated with
Ag/Cu/PbSn microlayers). Irradiation: 5 MeV electrons (fluency 5x10'* ¢cm™, beam
current 400 nA) at ~165 K using U-003 accelerator. Measurements: XRD (Empyrean,
PANalytical) and Hall effect (HMS-7000 system, Ecopia) of specific resistivity and
magnetoresistance [4]. Figure 1 a,bshows the temperature dependences for non-
irradiated reference (curves 1) and the irradiated sample (curves 2).

Figurel. Resistivity 7 (a), magnetoresistance R (b), 1 — before irradiation, 2 — after irradiation at
165 K with the fluency of 5 MeV electron fluency 5x10'* em™,

The main effects: Irradiation lowered the r within 80-300 K and the
superconducting transition below 120 K and other transitions at 220 and 300 K. Ten
times decrease in the R suggests the increased current vortices around strong flux
pinning centers at 160 K, which are paramagnetic polarons at F-centers in oxygen
vacancies generated by the electron beam. The calculated distance between the
nearest defects is ~1 nm that is more than the coherence length 7., in cuprates. The
defects act as pinning centers, stabilizing vortices under magnetic field 0.56 Tesla in
HMS-7000 system by enhancing the critical current.

Conclusion. Our method of 5 MeV electron irradiation to moderate fluency 5x
10" ¢cm™ at 165 K optimized YBCO tape performance and seems promising for
applications in high-field magnet coils.
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Diode effect in bilayer structures based
on yttrium iron garnet — superconductor

L.S. Uspenskaya

ISSP RAS, Chernogolovka, Russia

It has been recently shown that in Y;FesO;,/Al structures in the region of the
superconducting transition temperature it is possible to switch the resistance of the
structures both by rotating the magnetic field and by inverting the current. The effect
was well described by the influence of the Zeeman field on the superconducting
transition of aluminum. In this paper, we propose to use the magnetostriction effect in
Y;FesO,, to create structures in which the resistance is switched by inverting the
current, and we experimentally demonstrate the possibility of implementing this idea
using the example of the Gd;Gas0;,/Y;FesO;»/Nb structure, where the magnetic
domain structure of the garnet film is specifically modified by deformation at a
certain choice of the orientation of the niobium strip.

In recent decades, much attention has been paid to the development of
cryogenic electronics, including those based on superconducting materials [1, 2]. In
particular, spin valves are implemented on the basis of superconductor-magneto-soft
and magneto-hard ferromagnets structures [3, 4], magnetoresistive switches are
implemented on ferromagnet-superconductor structures [5, 6] that is the
superconductor resistance switching by a magnetic field. Currently, the possibilities
of field-free switching of hybrid structures are being intensively investigated [7, 8].

Recent results of study of transport properties of aluminium and niobium films and
structures fabricated on single-crystal Y;FesO, films with (111) and (100) orientations in
a wide temperature range from 300 K to 4 K are presented by this report.

It is shown in this report that the decrease in the temperature of the
superconducting transition and its expanding are more significant at (111) orientation
of the films, despite the fact that numerous magnetic domain boundaries localized
under the superconductor should enhance the superconductivity.

It is shown that the dependence of the superconductor resistance on the mutual
direction of magnetization and current is observed only in narrow and thin stripes of
niobium and disappears with their thickening. The rotation of the planar magnetic
field makes it possible to effectively switch the resistance of such structures in the
region of an expanded superconducting junction only. The effect is as large as 100%.

A scheme for obtaining a diode effect baced on Y;FesO;,/Al and Y;FesO,,/Nb
structures is proposed and implemented. The 25% variation in the resistance is
achieved by inverting a relatively low current. The use of the magnetostriction effect
in Y;FesO,, is suggested to create structures in which the resistance is switched by
inverting the current, and it is experimentally demonstrated the possibility of
implementing this idea using the example of the Gd;GasO;,/Y;FesO,,/Nb structure,
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where the magnetic domain structure of the garnet film is specifically modified by
deformation at a certain choice of the orientation of the niobium strip.

The research was carried out at Osipyan Institute of Solid State Physics,
Russian Academy of Sciences, within the framework of a state assignment.
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Eigenmodes of the radial current decay in no-insulation HTS coils

D.S. Yashkin, D.N. Diev, A.V. Polyakov, A.V. Naumov

NRC

The problem of non-uniform attenuation of radial current during
charging/decharging a NI-HTS coil is considered. An approach is proposed that
consists in considering the eigenmodes of the radial current that attenuate with their
eigentimes. The approach is substantiated using the equivalent circuit method. The
approach is illustrated by a NI-HTS test coil.

Non-insulated superconducting coils (NI-HTS) [1] differ from isolated ones by
the presence of a resistive connection between adjacent turns. This feature leads to
fundamental differences in their electromagnetic behavior. Non-insulated coils have a
qualitatively specific property: the ability to induce currents in individual turns or
groups of turns that close through normal resistance. As a result, dynamic processes
in such coils involve redistribution of magnetic flux, current, and energy between
turns.

This paper discribes the non-uniform attenuation of radial current during the
charging/discharging of an NI-HTS coil. A detailed analysis of the time-dependent
magnetic field and voltage graphs reveals that these processes are well described by a
superposition of multiple exponential decays (Fig. 1). Notably, the voltages across
different coil sections are not always monotonic and may even alternate in polarity
(Fig. 2).

This effect occurs because a non-insulated coil comprises multiple inductively
coupled circuits through which current can flow. Since each turn contributes
differently to the total inductance and has distinct inter-turn resistance, the
electromagnetic conditions vary across the coil. Consequently, during dynamic
processes, certain sections experience faster current changes, leading to complex
current redistribution between turns.
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To describe these phenomena, we propose an approach based on the
eigenmodes of radial current, each decaying with its characteristic time constant. The
approach is substantiated using the equivalent circuit method. A class of equivalent
electrical circuits with division into series-connected sections (inductively coupled
RL cells) is considered [2]. By the coil current assumed remains below the critical
value (dissipative effects in the superconductor are negligible), the system can be
described by linear differential equations. The general solution yields a sum of
exponential decays, with the decay times and corresponding radial current
distributions (eigenmodes) determined by the LDE system’s matrix—i.e., the coil
geometry and radial resistance profile.
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The approach is illustrated by an experiment with a non-insulated HTS test coil.
Structurally, the coil is constructed as a double pancake in a monolithic casing, so the
equivalent circuit is complicated due to inter-layer currents (Fig. 3). Nevertheless, the
system remains linear, preserving the applicability of eigenmode analysis. Fig. 2 shows the
voltage dynamics across coil sections during charging process and their joint approximation
by the sum of three exponentials. The coefficients of the approximation at the same
characteristic times became eigenmodes. In Fig. 4, eigenmodes are shown schematically as
relative voltage opposite those sections of the coil where they were measured. The first three
eigenmodes obtained from the calculation of the equivalent circuit of Fig. 2 are shown by
solid lines. Since it is the voltage that is being measured, it is the eigenmodes by voltage that
are compared. The first eigenmode corresponds to the global current injection into the coil,
the others reflect internal current redistribution processes. The calculated eigenmodes agree
qualitatively with experimental data.

This approach allows one to analyze a current balance in non-insulated coil and
provides a predictive tool for their dynamic behavior.

The work was carried out within the state assignment of the NRC «Kurchatov
institute».
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Influence of ion irradiation on superconducting properties
of HTSC tapes in a helical cable

D.A. Abin, A.S. Starikovskii, A.Yu. Malyavina,
S.V. Pokrovskii, R.G. Batulin, A.G. Kiiamov,
P.A. Fedin, K.E. Pryanishnikov, T.V. Kulevoy, A.P. Bazakutsa

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, Russia,
Kazan (Volga Region) Federal University, Kazan, Russia,

National Research Center Kurchatov Institute, Moscow, Russia,

Kotelnikov Institute of Radioengineering and Electronics, Russian Academy of Sciences, 125009 Moscow,
Russia

The dependence of the critical current of HTS tapes subjected to preliminary
ion irradiation on the external magnetic field was studied. Irradiation was carried out
with Fe** ions with an energy of 5.6 MeV and different fluences at room temperature.
The samples were 4 mm wide HTS tapes with an open HTS layer wound on a
cupronickel tube with a diameter of 5 mm and undeformed tapes. It is shown that
with an increase in fluence, a decrease in the critical current occurs in the entire
temperature range of 5-100 K for undeformed samples. The appearance of defects
associated with compressive deformation during winding has a synergistic effect with
defects formed as a result of ion irradiation, which leads to additional degradation of
the critical current value.

Currently, there is a tendency in the world to create new generation
Megascience installations (tokamaks, synchrotrons, charged particle accelerators)
using high-temperature superconducting (HTS) composites. Plasma confinement in
such installations is carried out by strong magnetic fields, which can only be created
using superconducting magnetic systems (SMS) based on HTS composites. Transport
current and magnetic properties of HTS composites included in the SMS windings
are highly sensitive to the type and concentration of defects in the superconducting
layer. The HTS composite is located in the radiation field of thermonuclear reaction
products, including neutrons, which leads to the appearance of additional defects in
the superconducting layer of the HTS composite and to the degradation of the
current-carrying capacity, which after some time leads to a forced partial or complete
replacement of the HTS coils in the tokamak SMS. Thus, a set of experimental data
and complex studies that allow answering the question about the terms after which
the replacement of the elements of the SMS system will be required is of great
interest.

For the most accurate assessment of the service life of the SMS, it is proposed
to conduct simulated irradiation of HTS composites with ions under conditions close
to operational ones. One of the ways to create superconducting magnets is to form a
coil of helical cables (CORC). These cables consist of a cupronickel tube with an
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external diameter of 4-8 mm, along which layers of HTS composite are laid with a
given rotation angle and tension force. The layers of the HTS composite are
constantly under mechanical stress, which is important to consider when conducting
research and preparing samples.

In this work, industrial HTS tape of the 2nd generation with a superconducting
layer thickness of YBa,Cu;07 1-2 pm was considered as samples. Irradiations were
carried out on a resonant accelerator TIPr-1 at room temperature. The HTS tape with
an open HTS layer 4 mm wide was wound with the HTS layer inside on a
cupronickel tube 5 mm in diameter and about 3 cm long with a tension of
approximately 0.5 kg. The tape was fixed with clamps at the edges of the tube. The
HTS layer was irradiated through a pre-prepared through hole on the tube with a
diameter of 3 mm. Thus, during the irradiation, the tape was in a state of mechanical
stress similar to tapes wound on a cable in real magnetic systems. Also, for further
comparison of the obtained irradiation results and studying the effect of stress created
by the tension from winding, an undeformed tape was placed on the holder. The
samples were irradiated with Fe?" ions with fluences of 1E12, 5E12, 1E13, 2E13,
5E13 ion/cm’. The magnetization dependences on the external magnetic field value
were measured for the irradiated samples in a wide temperature range of 5-100 K in
an external magnetic field of up to 8 T. The measurements were performed on ppms-
9 and mpms-5 setups. A set of magnetization loops was obtained for each sample,
from which the critical current dependences on the external magnetic field were
calculated. It was shown that the deformation from winding the tape on the tube led
to an additional decrease in the critical current during irradiation.

This work was supported by Russian Science Foundation grant No. 24-22-
00398 https://rscf.ru/project/24-22-00398/. Ion irradiation was performed using
equipment of the KAMICS Center for Collective Use (http://kamiks.itep.ru/) of the
National Research Centre «Kurchatov Institutey.
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Calculation of operating parameters of spherical tokamak’s
superconducting magnetic system

D. Aleksandrov, I. Martirosian, E. Vinitskiy, M. Osipov

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute)

This work presents a numerical model for calculating the magnetic and
mechanical characteristics of the continuous toroidal magnetic field system (CTS) of
a superconducting tokamak MEPhIST-1. Three different solenoid configurations
were considered. The spherical tokamak's superconducting magnetic system main
operating parameters have been calculated. These include: transport current necessary
to achieve the required magnetic field of 1 T at 37.1 K, mechanical stress distribution
and the peak toroidal magnetic field.

The toroidal field (TF) coil system remains an invaluable part of magnetic
confinement fusion devices, responsible for generating the primary magnetic field
required for plasma stability and shaping. As efforts to realize practical fusion energy
intensify, substantial developments have been undertaken in the design of
superconducting TF systems. Recently, large-scale low-temperature superconducting
(LTS) tokamaks like EAST [1] and KSTAR [2] have demonstrated long-pulse and
high-performance plasma regime. Currently, conceptual compact tokamaks like
SPARC are driving interest in high-field designs enabled by high-temperature
superconductors (HTS) [3]. The transition from LTS to HTS materials, particularly
second-generation (2G) REBCO coated conductors, has been recognized as a
transformative step in achieving higher operating fields and improving thermal
stability. Studies, such as those by Zhai et al. [4], have emphasized the superiority of
REBCO conductors in strong magnetic fields. In high-field compact tokamak
designs, high-temperature superconductors have increasingly been used to enable
greater flexibility in device geometry and the shaping and stabilization of plasma
through magnetic field configuration. Conductor on Round Core (CORC®) cables,
consisted of helically wound REBCO tapes, have emerged as a promising candidate
for fusion-grade magnets due to their mechanical resilience and ease of winding into
complex geometries. Specifically, SuperOx 12 mm REBCO tapes, featuring high
critical current performance in excess of 500 A at 20 T and 4.2 K, have been
extensively characterized and adopted in experimental and conceptual magnet
systems [5].

This work presents a numerical model for calculating the magnetic and
mechanical characteristics of the continuous toroidal magnetic field system (CTS) of
a superconducting tokamak MEPhIST-1. Three different solenoid configurations
were considered. The modelling was performed using the finite element method with
the COMSOL Multiphysics software. The mechanical characteristics of the magnetic
system were analyzed for pulsed and stationary modes of operation of
superconducting solenoids. The calculation of magnetic field and mechanical stress
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distributions in the toroidal magnetic field system of a spherical tokamak was carried
out for the CTS, and the value of the transport current necessary to achieve the
required magnetic field (1 T at 37.1 K) in the steady-state mode of operation was
determined. Main parameters such as peak toroidal field (more than 1.5 T) and peak
current were determined. Radial magnetic field profiles exhibited low ripple and
smooth gradients, consistent with effective plasma confinement requirements. The
field symmetry indicated that adequate shielding of the central plasma region was
achieved. Current density in the superconducting windings was found to remain
below the critical threshold (0.7 Jc) throughout the winding volume, suggesting that
thermal and electromagnetic stability could be maintained during stationary
operation.

The study was supported by the Russian Science Foundation grant Ne 24-29-
00749, https://rscf.ru/en/project/24-29-00749/.
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Magnetorheological polishing of HTSC substrates based
on spherical particles obtained by the liquid anode method

Yu.S. Baryshnikovl, L.A. Rodionov?, F.A. Orlov',
A.D. Trofimuk', S.A. Ponyaev'

" AF. loffe Physical-Technical Institute, Saint Petersburg, Russia,
? Peter the Great St. Petersburg Polytechnic University, Russia

The results of polishing stainless steel substrate of HTSC tapes by magnetorheological method
using magnetorheological fluid based on spherical particles obtained by liquid anode method are
presented. The polishing value achieved was 1.3 nm Sa (1.9 nm RMS), on a scanning section of 10
by 10 um. Which is an indicator of the possibility of using this method for polishing HTSC
substrates in case of scaling the method.

Industrial production of high-temperature superconducting tapes (HTSC tapes)
is one of the priorities of technical development in Russia [1], and high-quality
polishing with low roughness is one of the important technological stages for their
production. To obtain HTSC tapes, it is necessary to achieve a surface roughness
after polishing of less than 5 nm RMS [2] or 5 nm Ra [3]. In the cited works, the
required roughness value was achieved using electrochemical polishing, and
measurement of the surface roughness in a scanning area of 5 by 5 um showed
surface roughness values of 2.3 nm Ra [2] and 3.4 nm Ra [3]. The authors of the
work [2] conducted a review of studies of polishing methods and concluded that
electrochemical polishing is preferable to ensure a lower surface roughness than
when using mechanical and chemical polishing, although the electrochemical
polishing method has known disadvantages regarding the disposal of acidic
electrolytes and harmful vapors. Also, the researchers in [4] reported the possibility
of polishing on an installation for electrochemical polishing of the HTSC tape
substrate, which allows obtaining a surface roughness of such tapes of less than 1 nm
RMS on a scanning area of 5x5 pm. The magnetorheological polishing method does
not have difficulties with acidic electrolytes, as in the case of electrochemical
polishing. The method of using magnetorheological fluid for polishing surfaces has
been widely studied by researchers from the A.V. Lykov Institute of Heat and Mass
Transfer of the National Academy of Sciences of Belarus [5, 6], and the results are
known where these researchers achieved a surface roughness of stainless steel of 3.9
Sa on a scanning area of 10x10 pm. It is also known that with magnetorheological
polishing of stainless steel, roughness values of 16 nm Ra [7], 23.8 nm Ra [8], 50 nm
Ra [9] have been achieved by other researchers. A detailed review of the methods of
using magnetorheological polishing in various technical applications is given in [10],
without mentioning the possibility of using the method directly for HTSC tapes.

This study presents the results of magnetorheological polishing of stainless
substrates of HTSC tapes using a magnetic fluid, which included a diamond
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suspension with a diamond fraction of 1 um and spherical particles obtained by the
liquid anode method during plasma spraying of low-carbon steel. The method for
obtaining such spherical particles is presented in [11]. In the first case, the
preliminary polishing was mechanical polishing with a roughness of 3.4 nm Sa, the
roughness was measured on a scanning area of 10 by 10 pum, in the second case, the
preliminary polishing was electrolytic-plasma polishing, which gave a roughness of
248 nm Sa on a scanning area of 10 by 10 pm. For the first case, after
magnetorheological polishing, the obtained roughness value of the HTSC tape
substrate was 1.3 nm Sa (1.9 nm RMS), on a scanning section of 10 by 10 pm. For
the second case, the best value was 2 nm Ra on a profile length of 8 um. The surface
roughness data were measured using an Ntegra Aura atomic force microscope with
an NS15 cantilever in the semi-contact mode. Thus, magnetorheological polishing
using spherical particles obtained by the liquid anode method qualitatively reduces
the roughness and allows obtaining the required roughness of substrates for HTSC
tapes. In the future, it is planned to scale the results of magnetorheological polishing
on long sections of HTSC tapes.
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Structure and electrical conductivity of high-strength Cu-Nb
microcomposite depending on deformation
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Cu-Nb microcomposites (MCs) with high strength and electrical conductivity
are used in various fields, including winding wires for 100 T pulsed magnets, as well
as reinforcing elements in NbsSn-based superconducting (SC) strands for SC
magnets. The paper studies the Cu-Nb MCs with a reduced Nb content. It is shown
that reducing the Nb concentration to 7.7% increases the plasticity of the material,
allowing to produce MCs with high true deformation (up to 13.8) and tensile strength
of 1200 MPa. The change in MC structure with deformation and its effect on strength
and electrical conductivity of the MC wires have been studied by SEM and TEM.
The obtained results allow discussing the possibility of using Cu-7.7%Nb composite
for reinforcing SC strands.

Cu-Nb microcomposites (MC), possessing high values of both strength and
electrical conductivity, are required as contact wires for high-speed railway transport,
as microwires for aviation and microelectronics, as winding wires for extremely high-
field pulsed magnets (100 T magnet at Los Alamos National Laboratory), as
reinforcing components for superconducting (SC) NbsSn-based strands for magnetic
coils of Tokamak fusion reactors [1], and 25-30 T laboratory SC magnets [2]. Since
requirements for the level of critical current density J. of SC strands have been
increasing throughout the history of the development of the SC industry, it is
necessary to improve the strands’ resistance to mechanical stresses. High-strength
Cu-Nb MCs help to solve this important problem for applied superconductivity. As
shown in [2-4], partial replacement of stabilizing copper in the Nb;Sn-based strands
with Cu-Nb inserts results in the enhancement resistance to mechanical stresses
during coil winding and operation in SC magnetic systems. Besides, the Cu-Nb MC
is promising material for strengthening 2G high-temperature superconducting tapes
[5]-

The Nb concentration in the Cu-Nb MC traditionally has been 16-20% [6]. In
this research we studied Cu-Nb MC with reduced niobium concentration (7.7%Nb).
Reducing the niobium concentration allows increasing the ductility of the MC wires,
allowing them to be deformed to true strain 13.8 (Fig. 1a) to obtain thin microwires
with high tensile strength 1200 MPa [7]. The Cu-7.7Nb MC wires studied in this
research were manufactured at LLC Nanoelectro (now Rosatom Metal Tech LLC).
We believe these MCs can be used to strengthen the Nb;Sn-based SCs, which must
have high plasticity during drawing and high tensile strength to withstand high
stresses during the manufacture and operation of the wires. The Cu-Nb MC structure
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at different stages of deformation has been studied using SEM (Fig. 1b) and TEM.
The relationship between the strain degree, the structure, strength and conductivity of
Cu-7.7Nb MC has been analyzed.

The study was performed using the equipment of the Collaborative Access Center
at IMP UB RAS. This work was done within the State Assignment of the Ministry of
Science and Higher Education of the Russian Federation for the IMP UB RAS.

Fig. 1. Tensile strength of Cu-7.7Nb MC vs true strain 1 (a); SEM-image of the composite cross-
section, 1= 7 (b).
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Prospects for the Development of Palladium-Based Superconductors:
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Modern research in the field of high-temperature superconductivity (HTS) has
entered a new phase with the emergence of studies predicting the possibility of a
superconducting state in palladium-based compounds. Theoretical calculations using
quantum chemistry methods and multi-electron models indicate that palladates may
possess a unique combination of electronic properties, making them promising
candidates for next-generation HTS materials [1, 2].

The key advantage of palladium compared to nickel and copper lies in the
peculiarities of its electronic structure. The 4d electrons of palladium demonstrate an
optimal balance between localization and delocalization, creating favorable
conditions for Cooper pair formation. Of particular interest is the theoretically
predicted «Goldilocks effect» — a situation where electronic correlations in palladates
are neither too strong (as in nickelates) nor too weak (as in some cuprates). This
balance could contribute to an increase in the critical temperature of the
superconducting transition [3].

However, the practical realization of superconductivity in palladates faces
several significant challenges. The main difficulty lies in the synthesis of stable
palladium oxide compounds with the required oxidation state. Unlike nickelates,
where the Ni'"electronic configuration can be achieved, palladium requires
stabilization of Pd*" or Pd*", which presents a considerable challenge.

Experimental verification of these theoretical predictions will require the
development of new synthesis methods and comprehensive characterization of the
obtained samples. At the initial stage, the most promising approach appears to be the
fabrication of thin films using molecular beam epitaxy, followed by thorough
investigation of their transport and magnetic properties. Particular attention should be
paid to searching for signs of superconductivity near the metal-insulator boundary,
where the highest T, (critical temperature) values are theoretically predicted.

Thus, research on superconducting palladates represents a new and promising
direction at the intersection of theoretical physics, solid-state chemistry, and materials
science. Further development of this field requires close collaboration between
theorists working on electronic structure calculations and experimentalists
specializing in the synthesis of complex oxide systems.
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The essence of the critical current angular dependencies asymmetry
observed on coated conductors

V.V. Guryev, S.V. Shavkin, O.A. Kondratiev

NRC Kurchatov institute

The core focus of the present investigation is centered around an analysis of the critical current
angular dependencies exhibited by coated conductor samples, which have been sliced in both
longitudinal and transverse directions of the tape material. For samples sliced in both directions, a
clear dependence of the critical current on the direction of the Lorentz forces is observed.
Asymmetry is detected on the longitudinal sample, while this phenomenon is absent for the
transverse sample. It is found that such behavior correlates with the predominant tilt of the ab-plane
around the axis coinciding with the tape direction. An interpretation of this asymmetry is proposed,
which naturally follows from the empirically noted dualism of the critical current anisotropy with
respect to both directions: magnetic field and the Lorentz force.

The critical current angular dependences observed on coated conductors are of
key importance for the efficiency of superconducting devices. However, despite the
obvious significance, there is a noticeable gap in our knowledge regarding how the
angular dependences relate to the basic microstructural features of the material. In
this paper, an experimental study of the angular dependences of the critical current is
carried out on samples of REBCO tapes cut in both longitudinal and transverse
directions. The obtained angular dependences do not exhibit a strict 180-degree
periodicity, and, in addition, the dependence of the critical current on the current
polarity is observed. It is shown that both effects are a manifestation of anisotropy
with respect to the direction of the Lorentz force, thereby revealing the dual nature of
the critical current anisotropy. An asymmetry of the peaks of the angular dependence
on the longitudinal sample is noted, in the absence of this phenomenon in the
transverse sample.

Using the X-ray rocking curve method, the inclination angle of the
crystallographic ab-plane with respect to the tape plane was determined: 2.3 degrees
around the longitudinal axis and 0.4 degrees around the transverse axis.

A new approach for interpretation the observed phenomena within the
framework of the anisotropic pinning model is proposed. By design, this model takes
into account the duality of anisotropy [1, 2], and therefore describes well the
dependence of the critical current not only with respect to the direction of the
magnetic field, but also with respect to the direction of the Lorentz force [3].
However, as it turned out, the same duality is responsible for the asymmetry of the
critical current angular dependence and is governed by mismatch of the extreme
orientations of the energy and size bodies of the cooperative potential well. A
quantitative correlation was established between the fitting parameters of the model
and the experimentally measured ab-plane tilt. The proposed interpretation gives a
plausible explanation for this quantitative agreement.
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Fabrication and investigation of superconducting thin Nb-Al films
with Al5-structure
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Superconducting properties and structure of Nb-Al thin films fabricated by
magnetron co sputtering from two sources on heated substrate were investigated.
Fabricated at room temperature Nb-Al films are X-ray amorphous or contain
nanocrystalline Nb. In Nb;sAl,s films deposited at 600°C at Nb magnetron power of
350 W and of 550 W, the A;sNbs;Al phase is obtained; superconducting transition
onsets TCO are ~6,6 K and ~4,1 K correspondingly.

Thin film, Nbs;Al, A;s phase, magnetron co-sputtering, superconductivity,
critical temperature.

Superconductors with high critical temperature 7¢ are required for applications
such as quantum computing based on trapped ions. One of the most promising
materials for superconducting nanowire single-photon detectors is Nb;Al with Ajs
structure [1], but its ultrathin crystalline films remain unexplored and have not been
used in SNSPD, which makes their fabrication and investigation relevant.
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Superconducting Nb-Al thin films can be fabricated by magnetron co-
sputtering, and the highest T¢ is observed near stoichiometric composition NbsAl [2].
There are several phases in Nb-Al system, among them cubic Nb;Al phase with the
Al5-structure has the highest 7 ~ 18.8 K. It is known that for many compounds with
the A15 structure, the critical temperature largely depends on the ordering degree of
the compound. Mostly the ordering in films and their degree of crystallinity, and
therefore the superconducting properties of Nbs;Al, are influenced by the substrate
temperature in film deposition process [3]: one of the most effective methods
for T¢ enhancement is deposition on a heated substrate at a temperature of 600 °C and
above. It has to be mentioned that besides substrate temperature, the film deposition
rate, affected by magnetron power, also has a significant influence on film structure
and properties.

This work is focused on the effect of the fabrication parameters by magnetron
sputtering on the superconducting properties and structure of Nb-Al films.

Nb-Al films are formed by the method of magnetron co-sputtering from two
sources on a VUP-11M vacuum setup. The setup is equipped with magnetrons with a
target diameter of 2” and a substrate holder with heating up to 600°C. For the
magnetron with a Nb target a DC power supply is used, its power is varied from
250 W to 550 W. For the magnetron with an Al target RF power supply is used.
Films are deposited with a thickness of 350 nm on R-cut sapphire substrates at the
residual pressure less than 5x107 Pa, the working pressure of 0.2 Pa, the argon flow
of 2.6 I/h, the rotation speed of the substrate holder of 15 rpm.

The structure of the films is studied by X-ray diffractometry on a DRON 4-07
diffractometer with a CuKal X-ray tube with a wavelength of 1.5406 A. As a result,
it was found that for deposition at room temperature, all the studied Nb-Al films of
various compositions, with an Nb fraction from 65 to 85% (at.), are X-ray amorphous
or contain nanocrystalline niobium phases.

The superconducting transition temperature, or critical temperature 7¢, of the
deposited films are studied by measuring the temperature dependence of sheet
resistance using a Dewar vessel with liquid helium and a cryogenic insert, in the
temperature range from 1.7 to 300 K.

The results of Rg(T) measurements are shown in Fig. 1. It was found that for
NbgoAly film deposited at room temperature with a magnetron power of 350 W for a
niobium target, the critical temperature is 7c = 3.76 K. Deposition at a temperature of
600°C leads to broadening of the superconducting transition and slightly reduces its
temperature to 3.69 K. Moreover, for all samples deposited with heating of the
substrate, a stepwise and wider superconducting transition is observed compared to
deposition at room temperature, which is presumably due to the non-uniform
composition of the film, because the substrate holder in this work could be heated
only without rotation.

For Nb;sAls film deposited at 600°C at magnetron power of 350 W,
superconducting transition onset Tgois 6,6 K. XRD results indicate that
Nb;sAlys films deposited at 600°C, at magnetron power of 350 W and of 550 W,
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contain only Nb3Al (A15 phase). Other samples deposited at 600°C contain only Nb
phase.

As a result of the experiments, it was found that magnetron sputtering at room
temperature ensures the production of superconducting films of NbgyAly with 7-=3.76 K
at a thickness of 350 nm. Deposition of the NbgyAly, film on a heated substrate at 600°C
increases the width and decreases the superconducting transition temperature from 3.76 to
3.69 K. For films formed with substrate heating, a stepwise and wider superconducting
transition is observed compared to deposition at room temperature, which is presumably
due to the non-uniformity of the film composition without rotating the substrate holder. In
Nb;sAls films deposited at 600°C at Nb magnetron power of 350 W and of 550 W, the
A15 NDb3Al phase is obtained; superconducting transition onsets T¢, are ~6,6 K and ~4,1
K correspondingly.

Future plans are to investigate the combined effect of the substrate temperature
in the range from room temperature to 600°C, the magnetron power and the film
composition on the structure, electrical and superconducting properties of ultrathin
Nb-Al films.

The work was supported in fabrication of superconducting films for integrated
single-photon detectors by the grant of Ministry of Science and Higher Education of
the Russian Federation FSME-2025-0002, in numerical modelling and experimental
research — by the Russian Science Foundation grant No. 23-79-00056, in the structure
investigation — by the Russian Science Foundation grant No. 23-79-10294.
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Design and analysis of fully superconducting electric machines
for transportation systems

N.S. Ivanov, V.V. Zubko, V.A. Kaderov
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A comparative analysis of existing superconducting electric machine projects
has been carried out. Based on the findings, new machine configurations were
developed using a proposed design methodology that combines analytical and finite
element approaches. The calculated machines demonstrate higher specific power
compared to reference designs, confirming the effectiveness of the methodology for
transport applications.

Design and analysis of fully superconducting electric machines
for transportation systems

The electrification of the transportation sector represents a critical direction in
the advancement of global transport infrastructure, offering significant benefits in
terms of emission reduction, increased energy efficiency, and decreased reliance on
hydrocarbon-based fuels. The deployment of electric machines with high efficiency
and specific power is essential for the successful implementation of electrified
transport solutions. The realization of such machines necessitates the application of
advanced materials, engineering approaches, and cutting-edge technologies — among
which superconductivity occupies a prominent position.

High-temperature superconducting (HTS) electric machines have the potential
to surpass conventional machines by providing superior specific power and
efficiency. The present research is primarily focused on the development of
methodologies for the design and computational analysis of fully superconducting
electric machines intended for transport applications.

To this end, analysis of various transportation systems has been conducted to
determine the input parameters required for the development of machines that can be
effectively integrated into existing and emerging transport infrastructures. These
systems were examined with due consideration of operational and technical
constraints specific to each domain. Based on this analysis, several electric machine
designs were developed, exhibiting enhanced performance characteristics when
compared to existing international benchmark solutions.

Finite element models have been developed, incorporating principal
components such as magnetic cores, HTS windings, and selected structural elements.
The study investigates machines operating across a range of temperatures (20 K to 77
K) and featuring diverse magnetic core configurations, as illustrated in Figure 1. The
finite element analysis provides detailed distributions of magnetic fields within the
machine, an example of which is also presented in Figure 1. A key aspect of the
modeling process involves the accurate representation of magnetic field behavior
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within the HTS winding regions, as these fields directly influence the critical
parameters of the superconducting tape.

Table 1 presents a comparative analysis of reference designs and those developed
using the proposed methodology. In all examined cases, the newly developed machines
demonstrate higher specific power relative to their respective benchmarks. These findings
affirm the effectiveness of the proposed methodology in enabling the design of fully HTS-
based electric machines with superior performance metrics.

Table 1
Comparative Characteristics of Reference and Calculated Superconducting Electric Machines
for Transport Applications

Machine |Rotational Speed,| Power, Operating Specific Power, Specific Power
Type rpm MW Temperature, K kW/kg (Calculated), kW/kg
IChina [1] |Generator 6000 10 20 13.1 30.4
IKorea [2] Motor 213 5 30 - 2.1
USA [3] Motor 6800 14 60 16 18
[Norway [4]| Motor 3500 2.5 45 14.7 17.3

The present work outlines the preliminary design of four HTS electric
machines, each characterized by distinct power ratings, rotational speeds, and
operational temperatures ranging from 20 K to 77 K, tailored for specific transport
applications. The designs are based on a previously established methodology, which
integrates analytical methods with finite element modeling, while rigorously
accounting for the critical operational parameters of HTS conductors.
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Two-coil mutual inductance techniques are widely used to study bulk
superconductors by detecting their diamagnetic properties. This approach is a fast and
contactless tool for studying magnetic or superconducting materials. Furthermore, it
screens the entire volume of the sample, in contrast to resistive measurements.

Inductive method can provide such important information about samples as
transition temperature and critical fields. The lower critical field, Hcy, is one of the
fundamental parameters of type II superconductors. Hc, is related to superfluid
density and contains information about penetration depth and Ginsburg-Landau
parameter. Additionally, the temperature behavior of Hc; can reveal important
insights into the nature of the superconducting state and help distinguish various
types of paring mechanisms such as conventional s-wave and unconventional d-wave.

The relatively recent interest in two-dimensional superconductors has
generated a need to characterize small-sized and thin samples, but traditional
techniques might not be completely suitable for that purpose.
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A typical scheme of two-coil mutual inductance measurements consists of two
coaxial coils, with sample placed inside of them. This setup is placed in an external
dc magnetic field, created by superconducting magnet. Applying an alternating
current to the outer (drive) coil creates an alternating magnetic field, which in turn
generates EFM in the inner (pick-up) coil. In theory, a superconducting sample
placed inside pick-up coil will shield the induced magnetic field and decrease the
generated voltage. When the external field exceeds Hcl of the material and enters the
sample, EFM increases again. Thus, by tracking this change in generated voltage, one
can determine lower critical field of the sample.

The key to accurate measurements in this kind of experiments is high degree of
coupling between sample and sensing coil. Also, it is best to place the coil as near to
the sample as possible, since the generated signal grows with decreasing distance.
Achieving all this is difficult when it comes to the minor samples, and effective
volume of the wire coil fitted by the sample stays very small. It results in large signal
from background ac field compared to the signal of interest. To solve this issue, we
decided to switch from classic wire coils to smaller flat ones.

In this work we present a new technique for lower critical field measurements
based on small-sized flat coils. Such approach allows us to increase the sensitivity of
the measurements in comparison to the classic setup and to eliminate the influence of
the edge effects. To make those coils, we developed microfabrication process that
includes optical lithography, thermal evaporation of metals and magnetron sputtering
of aluminum oxide. Our goal was to optimize the design and the fabrication process
to achieve good sensitivity for accurate determination of Hcl of small-sized samples.

For testing of our method we used a sample of NbS,. Measurements were taken
in temperature range from 2 to 6,4 K and under DC magnetic fields up to 1200 G. We
applied a 1 mA current with frequency of 50 kHz to the excitation coil. Lower critical
field as a function of temperature is presented in Fig.1.

To demonstrate the correct work of our set-up, we preformed lower critical
field measurements via local magnetization with micro Hall sensor. We found that
data collected from two experiments is in good agreement. We conclude that
presented method offers a good approach for Hc; measurements on small
superconducting samples.
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Magnetolevitation transport attracts more and more attention due to its inherent
high speed and economy. Technical difficulties on the way to its practical
implementation gradually recede as technologies develop, new materials and original
ideas are developed. The purpose of this work is to study the friction forces during
the movement of a cryostat with elements made of high-temperature superconductor
ceramics. One of the principles of operation of magnetic-levitation transport systems
is based on the use of the phenomenon of magnetic levitation of HTSC of the second
kind.

A cryostat with a high-temperature superconductor (HTSC) of the Y-Ba-Cu-O
composition is cooled above a track assembled from permanent magnets. The
temperature of the HTSC transition to the superconducting state is approximately 93
K, which allows cooling the cryostat with liquid nitrogen, the boiling point of which
is 77 K. During the experiment, the cryostat is first installed at room temperature at a
certain height (the cool-down height) on a non-magnetic support above the track.
Then it is filled with liquid nitrogen. The HTSC goes into the superconducting state
upon reaching the critical temperature. Magnetic lines of force emerging from the
linear magnets of the track are “frozen” into the HTSC elements. This also provides a
counter-gravitational force, providing levitation and a lateral stabilizing force [1].

In our previous experiments, cryostats with bulk HTSC materials made of
YBa,Cu;0; levitate over linear tracks of permanent magnets (PM) NdFeB, laid out in
a special way. To estimate the levitation force between HTSC and PM, original
installations were created.

References

1. Karpukhin D.A., Petrov A.O., Koledov V.V. et al. Journal of Radio Electronics. — 2022. — No. 11.
-P.8.

228



Applied superconductivity

Modifying thermal coupling in superconducting nanowire
single-photon detector by tuning amorphous sub-layer

K.I. Khilay, M.D. Soldatenkova, E.M. Baeva,
S.S. Svyatodukh, N.A. Titova, A.I. Kolbatova, G.N. Goltsman

MPSU, Malaya Pirogovskaya st. 1/1, Moscow 119435, Russia,
HSE MIEM, Tallinskaya st. 34, Moscow 123592, Russia

In recent decades, methods for controlling heat transfer between thin-film
structures and substrates have been actively studied to improve the efficiency of
superconducting nanowire single-photon detectors (SNSPDs) [1]. One of the
enigmatic factors affecting SNSPD performance is the thermal contact between the
superconducting film and the substrate, the influence of which remains poorly
understood. In this work, we propose modifying the thermal link between the SNSPD
and the thermal bath by varying the thickness of an amorphous dielectric interlayer
between the superconducting film and the crystalline substrate.

In recent decades, methods for controlling heat transfer between thin-film
structures and substrates have been actively studied to improve the efficiency of
superconducting nanowire single-photon detectors (SNSPDs) [1]. One of the
enigmatic factors affecting SNSPD performance is the thermal contact between the
superconducting film and the substrate, the influence of which remains poorly
understood. Recently, it was demonstrated that weakening the thermal link between
the film and the substrate by using suspended membranes for SNSPDs allows
achieving nearly 100% internal detection efficiency [4]. Various technological
approaches are used to control the thermal coupling between the superconducting
film and the thermal bath: reducing thermal contact by substrate etching [3], creating
suspended structures [3], or changing the substrate material [5].

In this work, we propose modifying the thermal link between the SNSPD and
the thermal bath by varying the thickness of an amorphous dielectric interlayer
between the superconducting film and the crystalline substrate. Increasing the
thickness of the amorphous dielectric layer introduces additional thermal resistance
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due to the short phonon mean free path [3]. In this study, we fabricated meander-
shaped structures from a 4.6 nm niobium nitride (NbN) film on dielectric layers
(Si0; in our case) of varying thickness (from 10 nm to 1 um) and investigated their
current-voltage characteristics. Figure 1 shows a schematic of the deposited layers on
the sample, while Figure 2 presents the obtained current-voltage characteristics of the
samples with different thicknesses.

This work was supported by the Russian Science Foundation (RSF grant no.
[24-72-10105])).
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In modern magnetic resonance imaging (MRI) systems, a vital task is to
abandon liquid helium in favor of helium-free cooling, which allows to significantly
reduce operating costs owing to the absence of liquid helium in a cooling system, as
well as to simplify the cryostat design due to no need in helium utilities (helium bath,
discharge pipes, etc.). It, in turn, lowers the building infrastructure requirements and
simplifies maintenance. In addition, the MRI systems with helium-free cooling are
high-demand in remote regions with a limited access to liquid helium. However, the
transition to helium-free cooling requires a revision of the key technical and design
solutions which provide stable cryostatting of superconducting windings. The paper
considers the features of cryostats and helium management systems operating on
cryocoolers, as well as the specific requirements to ensure magnetic field stability in
such operating conditions by the example of the first Russian helium-free 1.5 T MRI
system to be developed and manufactured in the JSC «NIIEFA» (Rosatom State
Corporation). When developed, particular attention has been paid to the design of
superconducting switches which shall maintain «frozen current» conditions with low
heat inputs in a magnetic field shimming/removal mode, as well as to the analysis of
engineering solutions and compromises with respect to thermal and electrical
insulation, stability and uniformity of the magnetic field, cooling efficiency and
operational reliability.
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The article will present the intermediate results of the development,
manufacture and testing of the model central solenoid coil of the HTSC tokamak
TRT (tokamak with reactor technologies).

Model coils are necessary to confirm the adequacy of solutions to specific
problems arising in the process of developing a superconducting EMS. The design of
model coils is developed in such a way as to meet the conditions of the tasks set. As a
rule, modeling during the development of large-scale EMS is carried out in stages — a
short sample of conductor (1-10 m); a long sample of conductor manufactured close
to the industrial technics (up to 100 m); a large-scale model coil — the closest in
design and operating conditions of the conductor to the real EMS winding.

At the previous stages of the work, samples of HTSC conductors up to 3
meters long and joints corresponding to the operating conditions of the TRT and the
central solenoid coil in particular were manufactured and tested. Successful test
results allowed to move on to the next stage of work — development of «industrial
length of conductor and model coil».

The TRT tokamak, currently being designed in the Russian Federation, is
unique in a number of its characteristics. The electromagnetic system of the tokamak
consists entirely of HTSC coils. Main parameters of the TRT:

Major radius (R0) m 2.15

Minor radius (a) m 0.57

Aspect ratio (R/f) — 3.77

Magnetic field on the spine (Bt0) T 8
Plasma current (Ip) MA 5

Elongation — 1.8

Triangularity — 0.3

Discharge duration s 100

Average density 102 m-3 <2

Additional heating power (Paux) MW <40
Plasma composition H, He, D
Thermonuclear power (Pfus) D MW ~0.5
Average thermal load on material surfaces facing the plasma not less than MW/m2 0.2

The central solenoid must be a self-supporting structure that includes four
sections (colenoids), a power structure, a pre-compression mechanism, a centering
mechanism, supports, terminals and brackets for holding the current-supplying
busbar, and collectors. Central solenoid must provide a change in magnetic flux to
ensure breakdown, lift, and maintenance of plasma current Ipl = 5 MA for more than
100 s. The TRT central solenoid is designed to operate in the temperature range of 4-
20 K, in fields up to 20 T with a change rate of up to 12 T/s, and currents of 63 kA.
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Internal Josephson effect in laboratory and space conditions

Yu.A. Kovalev

P.N. Lebedev Physical Institute of the Russian Academy of Sciences

The internal Josephson effect observed in laboratory layered superconductors
with many hundreds of internal Josephson junctions can be considered as a radiating
model of Josephson microstructures in a proton type-II superconductor — in the shells
of Abrikosov quantum vortex filaments inside neutron stars. Coherent radio emission
from a multitude of Josephson micro-junctions in these shells exits from the
subcortical layer of the superconducting core into the star’s magnetosphere along a
strong magnetic field through cracks in the crust after “starquakes”. The rotation of
magnetized neutron stars explains the main properties of the observed
pulsed radiation of pulsars, fast radio bursts and magnetars. Partial absorption of
radiation at the core-crust boundary can lead to acceleration of protons by the
Faraday mechanism and to the production of high-energy neutrinos.

The internal Josephson effect observed in laboratory layered superconductors
with many hundreds of internal Josephson junctions [1] can be considered as a
radiating model of Josephson microstructures [2] in a proton type-II superconductor —
in the shells of Abrikosov quantum vortex filaments inside neutron stars [3].
Coherent radio emission from a multitude of Josephson micro-junctions in these
shells exits from the subcortical layer of the superconducting core into
the star’s magnetosphere along a strong magnetic field through cracks in the crust
after “starquakes” [4]. The rotation of magnetized neutron stars explains the main
properties of the observed pulsed radiation of pulsars [3-5], fast radio bursts and
magnetars [2]. Partial absorption of radiation at the core-crust boundary can lead to
acceleration of protons by the Faraday mechanism and to the production of high-
energy neutrinos [5,2]. The basic assumption: a mixture of non-superconducting
electrons and neutrons with proton pairs forms an interacting mixture in the star — a
“spongy” microstructure of weakly coupled Josephson micro-junctions [4-5] with
electrodynamics [6] in the shells of vortex filaments, similar to junctions in
laboratory conditions [7-8]. The wave function of bosons can be distorted near
fermions because of the proximity effect, forming weak couplings (when the
coherence length is greater or of the order of the distance between fermions in the
mixture, or/and near the normal filament cores). The examples of such types of
coupling see in the paragraphs 15, 20 of the book [7]; see also [8]. The role of
the external current through the junctions is played by eddy currents associated with
the magnetic field of the filament. The theory gives a criterion for weak coupling.
Estimates for the star satisfy it with a large margin. Thus, the Josephson effect can
exist inside the neutron stars — with the emission and without it, and with the
coherence length in the superconductor eight orders of magnitude smaller than in
laboratory conditions.
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Study of the dependence of electron-phonon scattering time
on disorder in thin NbN films

A.l. Lomakin, E.M. Baeva, N.A. Titova,
A.V. Semenov, A.I. Kolbatova, G.N. Goltsman

National Research University Higher School of Economics, 20 Myasnitskaya St, Moscow 101000, Russia,
Moscow Pedagogical State University, 29 Malaya Pirogovskaya St, Moscow 119435, Russia,

LLC Superconducting Nanotechnology (SCONTEL), 1 1A Derbenevskaya Naberezhnaya, Moscow 115114,
Russia

The dependence of the inelastic relaxation of nonequilibrium electrons in ultrathin NbN films on the
degree of their disorder is experimentally studied by the magnetoresistance method in the
temperature range from 7, to =37,. It is observed that the inelastic relaxation, which is determined
by electron-phonon scattering, is insensitive to changes in the disorder in the films.

Introduction

The study of the influence of disorder on electron transport in superconducting
films is important for understanding the physical mechanisms that determine the
superconducting and electronic properties of ultrathin films. Despite the fundamental
importance, these studies also have practical applications in many modern
microelectronic devices. For example, it is known that increasing disorder has a
positive effect on the quantum efficiency of SSPD [1]. But the degree of disorder
affects the electron transport parameters, which also matter for SSPD. For example,
the scattering rate contributes to the detector dead time, thus largely determining the
SSPD performance.

Thin films of niobium nitride (NbN) has been extensively used for production
of modern electronic devices such as SNSPDs [2], HEB (hot electron bolometer)
mixers [3], microwave nanoinductors [4], etc. It is a typical material, in which
disorder can be tuned from moderate to strong limit [5].

Measurement setup

To study transport properties of NbN, we patterned films into 500-pm-wide
and 1000-um-long Hall bars. The level of disorder was varied by different heating of
the film substrate during its deposition or by changing the partial pressure of
nitrogen. The thickness of all films was 2.5 nm. The film square resistance Ry in the
normal state was measured in a four-probe configuration. The measurements were
carried out in a homemade cryogenic insert immersed in a Dewar with liquid helium
*He and performed in a wide temperature range (from 300 K to 1.7 K). At low
temperatures, we measured the magnetoresistance Rg(B), the temperature
dependences of the second critical magnetic field B.,(7) (to determine the diffusion
coefficient), and the Hall constant (to determine the concentration of charge carriers)
by applying a perpendicular magnetic field B up to 4 T. Here the critical temperature
T, is determined by us as the temperature at Rg = Ry,x/2 (Table 1).

235



Applied superconductivity

Table 1
Parameters of NbN films

sl | s2 |s3|s4|s5]| s6
R}", Ohm/sq 437 | 509 |815|912(1025(1574
kel 63 ]55[3.5[32[28]2.1
T., K [11.5410.768.43[7.02/6.03|3.40
D,cm’/s  [0.59]0.57(0.3600.35[0.34[0.27
nx10”m> [ 1.9 [ 1.8 [1.7]1.6]1.6] 1

8.3 | 7.0 20.521.020.0{30.0

e-ph

Results and discussion

The dimensionless change in magnetoconductance at the fixed 7 was
determined from the measured Rs(B,T) using the following expression:

56(8.1)= "2 [k, (8.1 - R 0.1)'] (1)

Figure 1 shows typical experimental dependences 6G(B,T) for NbN samples
obtained in the experiment. The change in resistance occurs due to the influence of
the magnetic field on superconducting fluctuations [6] and weak localization.

The data in Figure 1 was compared with

3G(B,T)=G*(B,T)-G*(0,T). )
where G*“(B,T) and G°°(0,7) are a sum of four terms of quantum corrections to
conductivity at finite and zero magnetic fields: the weak localization, the Aslamazov-
Larkin term, the density of states contribution term, and Maki-Thomson term[7]. The
final expression for dG(B,T) contains only one unknown parameter — the phase

breaking time of the electron wave function 7z, — present in the Maki-Thompson

correction and weak localization. We obtain this parameter as a result of data
processing.

Figure 1. Experimental dependencies of the normalized magnetoconductance &G(B,T) for a
representative sample (s5). Different colors of the curves correspond to different operating temperatures
marked on the Rg(T) curve in the inset. The dashed black curves represent fits by Eq. 2.

The dependence 7¢(T) extracted from the magnetoresistance measurements is
displayed in fig. 2 (a).

The exact expression for 7¢™' is represented by sum of scattering mechanisms
due to superconducting fluctuations 7. , the electron-electron (e-€) scattering rate
the spin-flip scattering rate z.', and the electron-phonon (e-ph) scattering rate

cz"

7' as follows [8]:

e=ph

9 =i v 420 3)
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It was found that a passivating Si layer over NbN films prevents the
appearance of magnetic moments on the surface of the film. Calculating 7, and

7' and using the experimental values of 7¢(T), we obtained the dependence of e-ph

scattering time on temperature (Fig. 2(b)).

We find that the inelastic scattering rates of electrons and their temperature
dependencies are close for NbN films of different microscopic quality and with
different levels of disorder. The observed results are not described by existing models
of e-ph scattering in disordered metals. The values of 7', obtained above 10 K are

e-ph
proportional to T° expected for electron scattering by three-dimensional acoustic
phonons in the pure case. At lower temperatures, changes to 7 (not shown here),
which is probably due to a decrease in the dimensionality of the phonons involved in
e-ph scattering. Our results call for further theoretical andexperimental studies of the
e-ph scattering in thin disordered films. The study is described in more detail in [9].

Figure 2. Temperature dependencies of (a) the electron dephasing rate z¢™' extracted from

magnetoconductance measurements and (b) the e-ph scattering time z,_, extracted from z¢™'. The

e-ph
data are plotted in symbols on a log-log scale. In (a) the solid curves show the best fits of z¢™' by
Eq. (3).
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Effect of vortex pinning configuration on transient processes during
a microsecond current pulse

A. Maksimova, A. Moroz,
S. Pokrovskii, V. Kashurnikov

National Research Nuclear University MEPhI

The form of the response of a vortex system in a high-temperature
superconductor to a current pulse of microsecond duration has been numerically
calculated. The presence of a voltage peak on the superconductor at the moment of
switching on the pulse in a sample with strong pinning is shown. The amplitude of
the peak is several tens of times higher than the steady-state value of the voltage. The
expression of the peak decreases with decreasing defect efficiency. In the case when
a current pulse is applied to a specimen initially loaded with a current less than
critical, the peak amplitude decreases. Calculations were performed at different
values of current amplitude in the pulse and temperature.

The effect of transport current pulse on a high-temperature superconductor is
of considerable practical importance. In [1-3], the pulse method was used to measure
the critical current of a superconductor. The necessity of the pulse method appears,
for example, in high magnetic fields, when heating of the sample during current flow
makes it impossible to obtain the volt-ampere characteristic. The study of the pulse
effect on the superconductor is also important in the design of current limiters [4,5].
The pulsed current effect on the superconductor was also studied in [6-9]. In [6], the
current amplitude in the pulse was 10-30 times higher than the typical value (normal
operating current) of the sample, at temperatures of 60 and 80 K. The current value
used resulted in degradation of the sample, however, it was shown that the
degradation depends on the peak temperature of the sample rather than on the initial
current value at a pulse duration of 1 s. The maximum peak temperature at which
degradation is not yet observed was shown to be 400-600 K.

Transport characteristics of a superconductor, such as the magnitude of the
critical current and the shape of the current-voltage characteristic, depend on the
interaction of the vortex system in the sample with pinning centres. In the
experiment, burnout of the sample often occurs when the supercritical current flows.
Therefore, the application of numerical modelling preceding the experiment is
preferred. The aim of our work is to model the response of a vortex system to a
current pulse, revealing the features of the response under varying defect efficiencies
and at different temperatures. We also analyze the influence of the current flowing
through the sample before the pulse is applied.

The calculations were performed by the Monte Carlo method in the framework of
the two-dimensional model of a layered high-temperature superconductor (see [10,11]).
Yttrium-based cuprates, the most used in practice, are layered anisotropic substances; the
vortex filament in such a superconductor can be represented as a stack of two-dimensional
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planar vortices — pancakes. Pancakes in planes are connected by inter-plane coupling, and
in general case the vortex is a three-dimensional system. However, at low anisotropy
(¥ ~10), the average deviations of the pancakes from the filament axis are small and a

two-dimensional model of the vortex system can be used in calculations. The total energy
of the vortices is composed of the intrinsic energy per unit length, pairwise interaction
energy, interaction with Meissner and transport currents, reflection from the boundary and
pinning centres. The rectangular shape of the current pulse is assumed in the calculation,
with a leading edge duration of 2 s and a pulse duration of 100 ps. A Monte Carlo step

equivalent of ~10° s, estimated by us from comparison with experimental current-
voltage characteristics, was used.

The response to the current pulse is calculated as a time dependence (in Monte
Carlo steps) of the electric field strength in the sample. Under the action of the overcritical
transport current, vortices are depinned and move under the Lorentz force to the centre of
the sample, where annihilation of vortices of opposite sign takes place. The electric field
strength is calculated as £=vB/c, where v is the velocity of the viscous flow of vortices and
B is the magnetic field in the superconductor. At typical current densities of 3-10°
Aleny’ the vortex velocities are a few tens of cm/s. A sample containing 1600 pinning
centres (the size of the simulated region is 6-6um) was considered. The defect is

characterized by its effective depth of the potential well « .

In the Monte Carlo calculation, it is more convenient to use not the current
density, but the value of the magnetic field HI generated by the current at the sample
boundaries. The value H,=1200 Gs adopted in the calculation corresponds to a

current slightly exceeding the critical current at @ =1 eV. The response of the vortex
system to a rectangular pulse of supercritical current (at &=0.5 eV and a=0) is also
rectangular, but has a longer leading edge. The calculated response shapes are shown
in the figure. The response of the sample at =1 eV has a pronounced peak at the
moment when the pulse is switched on, later the intensity decreases to the threshold
value of 1 pV/em. The origin of this peak is related to the motion of vortices: at the
moment of current switching on, the vortices enter the sample and move freely to the
centre of the sample. At subsequent moments of time, the vortices are gradually fixed
on the defects and prevent further free flow of the vortex lattice.

More realistic is the case when the current less than critical /, is already
flowing in the sample before the pulse action. In our calculation we assume
1,=0.421 . The presence of current before the action of the pulse at strong pinning
reduces the magnitude of the pinch and does not affect the shape of the pulse at
weaker pinning.

The calculation results will be useful in the design of superconducting keys,
where it is necessary to estimate the configuration of pinning centres required to
achieve the given properties.

This work was supported by the Ministry of Science and Higher Education of
the Russian Federation within the State Assignment (project FSWU-2025-0008).
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Joint influence of different types of artificial defects
on the critical current of HTS tape

A. Maksimova, A. Moroz,
S. Pokrovskii, V. Kashurnikov

National Research Nuclear University MEPhI, 115409 Kashirskoe shosse, 31, Moscow, Russia

The dependences of the critical current of the sample on the magnetic field have been calculated by
the Monte Carlo method in the framework of a two-dimensional model of a layered high-
temperature superconductor (HTS). Two types of defects of different concentration were taken into
account in the calculation. It is shown that the contribution to the critical current from two types of
pinning centres is not additive. This property is fulfilled at all considered temperature values. In the
presence of a regular (rectangular) lattice of pinning centres, the additivity of the critical current is
also not fulfilled.

At magnetic fields and currents used in practice, the superconductor passes into
a mixed state, and its magnetic and transport properties are determined by the motion
of Abrikosov vortices and their interaction with pinning centres. The task of
optimization of pinning centres is still topical; many works are devoted to this
question. In [1], the influence of the electron free path length in YBa,Cu3;Og+y on the
critical current was investigated. In [2], the enhancement of the critical current of
YBa,Cu;04. by the addition of nanoscale Dy,O; particles was investigated. The
pinning efficiency depends not only on the efficiency of vortex pinning, but also on
the mutual arrangement of defects.

In [3], the possibility of pinning enhancement at the same defect concentration
is shown for conformal mapping applied to a square lattice. The study was carried out
by the molecular dynamics method. When a superconductor is irradiated with high
energy ions, columnar defects appear [4, 5]. The radius of such defect is usually a
few nanometres, which is close to the coherence length of the superconductor, and
this accounts for the pinning efficiency. In [4], the optimal fluence of irradiation of
YBa,Cu;06.« with Bi ions was determined. In [5], the angular dependences of the
critical current on the magnetic field during the irradiation of ReBCO with Ag ions
were investigated. However, new defects often appear in the superconductor during
the operation of the HTS tape; this is relevant, for example, for magnets at
accelerators. Therefore, it is necessary to investigate the question of the ratio of the
critical current before and after a new irradiation pulse. The aim of our work is to
obtain the dependences of the critical current on the magnetic field in the presence of
two types of defects, to check the additivity of the critical current due to each group
of defects.

The calculations were performed by the Monte Carlo method in the framework
of a two-dimensional model of a layered high-temperature superconductor. For a
detailed description of the model see [6-8]. The energy of interaction of a vortex with
a defect is chosen as follows
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where ¢ — effective depth of defect potential well, & — coherence length of
superconductor and r; — distance between i-th defect and j-th vortex. Two types of
defects were introduced into the model: first with effective radius x;and depth
a=1eV (strong pinning), second with radius 3x; and depth o =0.4 eV (weak
pinning). Concentration of defects was chosen ~10° cm .

The figure shows the calculated dependences of the critical current on the
magnetic field at 7=4.2 K. The calculations were performed at magnetic field values
up to 2000 Gs. The obtained dependences are decreasing, one can only note a small
peak near zero field for weak pinning. The figure shows the curves corresponding to
each defect type separately and the dependence in the presence of two defect types at
once. It can be seen that the type 1 and 2 curve does not correspond to the sum of the
type 1 and type 2 curves. However, we can expect that additivity will be fulfilled if
we subtract from the critical current of the defective sample the critical current of the
sample without defects (near the zero magnetic field, the critical current is not equal
to 0, since there is a field of superheating of the Meissner state, and vortices enter the
sample only when the current reaches a certain value). The dependences of jc(type 1
and 2) and jc(type 1)+jc(type 2) do not coincide, as the calculation shows. This result
is also obtained for other defect concentrations as well as for their regular distribution
(rectangular lattice). Thus, the additivity of the critical current, at least for the
investigated configurations, is not fulfilled.

In the future, it is planned to extend the range of magnetic fields taken into
account in the calculation to 2 Tesla. These calculations will be useful in assessing
the influence of radiation defects on the critical current in superconducting magnets
used in accelerators.

i

Fig. 1. Je(H) curves at 7=4.2 K. Defects are randomly distributed.

The work was funded by the Ministry of Science and Higher Education of the
Russian Federation, Project “Fundamental and applied research at the NICA (JINR)
megascience experimental complex”” FSWU-2025-0014.
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Comprehensive analysis of normal zone propagation
in multi-tape superconducting cables for magnetic energy storage

I.V. Martirosian, D.A. Alexandrov, A.Y. Malyavina,
D.A. Abin, S.V. Pokrovskii

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute)

This study aims to characterize NZP behavior in multi-tape superconducting
cables, focusing on the influence of geometrical configuration, thermal coupling, and
current-sharing mechanisms. This study presents the results of the analysis of the
NZP processes in multilayer HTS cables for several geometric configurations: CORC
cable, twisted stack of tapes, Rebel cable. The study of electrodynamic and thermal
processes in cables was performed in a wide range of operating temperatures. The
investigation seeks to provide a detailed analysis of how different design parameters
affect the propagation of normal zones and the overall stability of the cable.

The performance and reliability of superconducting cables are critical for their
application in high-field magnets, fusion energy devices and magnetic energy storage
[1]. These cables serve as the backbone of technologies that require extreme
operational conditions, such as magnetic confinement fusion reactors, particle
accelerators, and high-capacity electrical grids. The practical implementation of these
systems is contingent upon the robustness of superconducting cables under varying
operating conditions. Even minor deviations in cable performance can lead to
catastrophic failures, making it imperative to address the underlying mechanisms that
govern their behavior.

A key challenge in these systems is understanding and controlling normal zone
propagation (NZP) [2]. NZP refers to the transition of a superconducting material
from its zero-resistance state to a resistive state due to localized heating or external
disturbances. This phenomenon poses significant risks to the stability and safety of
superconducting systems, as it can trigger a cascade of thermal and electrical
instabilities known as a “quench.” A quench occurs when the heat generated in the
resistive zone spreads uncontrollably, potentially damaging the entire system.
Therefore, gaining a comprehensive understanding of NZP dynamics is crucial for
ensuring the reliable operation of superconducting cables in demanding applications.

This study aims to characterize NZP behavior in multi-tape superconducting
cables, focusing on the influence of geometrical configuration, thermal coupling, and
current-sharing mechanisms. This study presents the results of the analysis of the
NZP processes in multilayer HTS cables for several geometric configurations: CORC
cable, twisted stack of tapes, Rebel cable. The study of electrodynamic and thermal
processes in cables was performed in a wide range of operating temperatures. The
investigation seeks to provide a detailed analysis of how different design parameters
affect the propagation of normal zones and the overall stability of the cable. Multi-
tape configurations are of particular interest because they offer higher current-
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carrying capacities compared to single-tape systems, but they also introduce
additional complexities in terms of thermal and electrical interactions. By
systematically examining the interplay between tape arrangement, thermal properties,
and current distribution, this research aims to identify strategies for enhancing the
resilience of superconducting cables against quenches. The results indicate that
enhanced transverse heat transfer reduces the risk of quenching. By improving the
lateral conduction of heat between tapes and their surroundings, the system can more
effectively dissipate localized hotspots before they escalate into full-blown quenches.
When multiple tapes share the transport current, the load can be redistributed in
response to localized heating, reducing the likelihood of a runaway quench. However,
this redistribution can also create uneven heat dissipation profiles, which may
necessitate careful design considerations to ensure uniform thermal management. In
summary, this research provides a comprehensive analysis of NZP behavior in multi-
tape superconducting cables, highlighting the critical role of geometrical
configuration, thermal coupling, and current-sharing mechanisms. The findings
demonstrate that the arrangement of tapes, material properties, and cooling conditions
significantly influence NZP dynamics and quench resilience.

The work was carried out under the State Assignment (project FSWU-2025-
0008) with the support of the Ministry of Science and Higher Education of the
Russian Federation.
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A trapped field in a rings stack
of high temperature superconducting tape

A. Mashirov, K. Kolesov, A. Petrov,
D. Suslov, A. Orlov, A. Kamantsev, V. Koledov

Kotelnikov Institute of Radioengineering and Electronics of Russian Academy of Sciences, Laboratory of
magnetic phenomena, Moscow, Russian Federation

This work presents the results of a study of the process of capturing and
holding magnetic fields in a super permanent magnets based on high-temperature
superconducting tapes.

High-temperature superconductors the Y-Ba-Cu-O families in the form of bulk
ceramics and tapes of film composites have the necessary properties to create super
permanent magnets that capture and maintain a constant magnetic field for a long
time at temperatures of 90 K and below [1]. This paper presents the results of a
comparative study of the process of capturing and retaining magnetic fields in the
super permanent magnets of high-temperature superconductors tape elements of two
configurations: in the gap between two stacks of tape segments and in a cylindrical
hole in a stack of tape segments. The experiments were carried out at temperatures
from 3 to 90 K, in a magnetic field up to 10 T. We experimental consider trapped
field stacks of rings of high-temperature superconductors tapes. The results of the
study of the process of capture and retention of magnetic fields in a ring stacks are
presented, including the dependence of the magnetic field in the center of the trapped
field stacks on the temperature after cooling of the trapped field stacks in an external
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magnetic field, followed by switching off the external field source. The stability of
the magnetic field in the trapped field stacks at a constant temperature is also
considered. The experiments were carried out at temperatures from 3 to 100 K, in a
magnetic field of up to 6.4 T. The maximum trapped magnetic field of a 256 rings
stack is 2.2 T at temperature 10 K and 0.22 T at 77 K (figure). The possibility of
using super permanent magnets in promising solid-state cooling systems based on the
magnetocaloric effect is discussed.

The study was supported by the Russian Science Foundation grant No. 25-19-
00942, https://rscf.ru/project/ 25-19-00942/.
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Study of critical current of industrial 2G HTS-wire
with different stoichiometry of Gd-based composition
in strong magnetic fields

B.I. Massalimov, A.R. Prishchepa, A.V. Sadakov, P.N. Degtyarenko

Ginzburg Center for High-Temperature Superconductivity and Quantum Materials,
P.N. Lebedev Physical Institute of the Russian Academy of Sciences (LPI RAS), LLC S-Innovations

This work is devoted to a systematic study of 2nd generation GdBCO-based
HTS wires with different yttrium stoichiometry. All wires were grown by pulsed laser
deposition (PLD) and characterized by transport measurements over a wide range of
temperatures and magnetic fields.

This work is devoted to a systematic study of 2nd generation GdBCO-based
HTS wires with different yttrium stoichiometry. All wires were grown by pulsed laser
deposition (PLD) and characterized by transport measurements over a wide range of
temperatures and magnetic fields. The samples were fabricated on commercial
production equipment of S-Innovations LLC and contained different concentrations
of yttrium +0%Gd, +15%Gd, +30%Gd. The investigated 12 mm wide tape sample
was modified using laser cutting and focused ion beam (FIB) to form a microbridge
with dimensions on the order of 3 um by 100 um. The critical current densities were
measured by volt-ampere characteristics using the four-pin method in fields from 0 to
16 T at temperatures of 65 K and 77 K. The obtained research results will be used in
the design of various kinds of superconducting research and industrial equipment in
different fields of power engineering, medicine and science.
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Microscopic Parameters of Superconducting MoRe Ultra-Thin Films
for Single-Photon Detection

LN. Pavlov, S.S. Svyatodukh, A.I. Lomakin, N.A. Titova,
K.I. Khilay, E.M. Baeva, M.D. Soldatenkova, S.A. Evlashin,
A L Kolbatova, G.N. Goltsman

MPSU, Malaya Pirogovskaya st. 1/1, Moscow 119435, Russia,

HSE MIEM, Tallinskaya st. 34, Moscow 123592, Russia,
SCONTEL, Derbenevskaya nab. 11 bld.A, Moscow 115114, Russia,
Skoltech, Bolshoy Blvd. 30 bld.1, Skolkovo 143026, Russia

Here, we report on the fabrication and characterizaton of ultrathin MoRe films
for superconducting nanowire single-photon detectors (SNSPDs). MoRe films were
deposited onto sapphire substrate at room temperature using DC magnetron
sputtering. We studied 1.8 nm and 4.3 nm thick films with sheet resistances of 350
and 660 €/ and critical temperatures of 5.9 K and 4.6 K, respectively. The
inelastic scattering rate was investigated using magnetoconductance, showing a

-1 3
temperature dependence of Tem T with values from 40 to 10 ps at 8-15 K. These

findings suggest ultrathin MoRe films could be a viable alternative to NbN in low-
temperature applications.

In recent years, superconducting nanowire single-photon detectors (SNSPDs)
have been successfully applied in a variety of fields, including quantum information
technology and space-to-ground communication systems [1]. The growing demand
for these devices with enhanced performance has stimulated research activity in
material science [2, 3]. One area of this research focuses on improving the properties
of superconducting materials used in the fabrication of SNSPDs, while another area
seeks to find alternative materials that could enhance the performance of existing
devices. When exploring new materials for use in SNSPDs, several important
factors need to be considered. These include the inelastic electron-phonon scattering
rate, phonon escape rate, ratio between electron and phonon heat capacities, density
of electronic states, and diffusivity, all of which affect the transfer of energy from
electromagnetic radiation to electrons and subsequently to the surrounding
environment [4]. The growing interest in thin molybdenum rhenium (MoRe) films
has emerged among researchers working on sensitive single-photon detectors [5, 6].
These materials exhibit excellent superconducting properties and stable
chemical, electrical and mechanical characteristics [5]. In this study, we focus on the
fabrication and investigation of few-nanometers-thick superconducting MoRe films
on sapphire substrates.
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Figure 1. (a) Temperature dependence of resistance for the investigated samples; (b) Magnetic field
dependence of conductivity for the 4.3 nm MoRe film on an ALO; substrate, with 7, as a fitting
parameter (the inset shows the dependence of the electron wave function phase coherence time on

temperature); (c) Temperature dependence of electron-phonon relaxation time for MoRe films on an
Al,Oj substrate, compared with that of NbN [9].

These films were grown by DC magnetron sputtering at room temperature
from a composite target containing 40% Mo and 60% Re. We studied two film
thicknesses, 1.8 nm and 4.3 nm. For these films, the sheet resistance at room
temperature was 350 and 660 €2/ [, and the critical temperature values were 5.9 and
4.6 K, as shown in Figure 1 — in the temperature dependencies of resistance for these
films. Using standard transport measurements at low temperatures, we determined
electron coherence length, the carrier density and diffusion coefficient in the normal
state, corresponding to the following values: 4.5 and 4.4 nm, 3%10” and 2.8%10%
em”, 0.4 and 0.3 cm?s, respectively. The level of disorder in the films is
characterized by the Ioffe-Regel parameter, which is 3.8 and 5.0, respectively.

We also investigate the inelastic scattering rate in MoRe films using the
magnetoconductance method. This method allows to determine the phase-breaking
rate of the electron wave function, which is usually the sum of inelastic scattering
rates in thin metal films. These rates include the electron-phonon, electron-electron,
and electron-fluctuation scattering rates [7]. Figure 1b shows the experimental
magnetoconductance data for a 4.2-nm-thick MoRe sample at different bath
temperatures. By analyzing the data with quantum corrections to conductivity, we
extract the phase-breaking rates (inset in Figure 2a) and estimate the electron-phonon
scattering time (Figure 1c) for the studied MoRe films. The rates for both samples

-1 3
show a temperature dependence that is close to a power law Tem T and with

values in the range 40 to 10 ps in the temperature range of 8 to 13 K,
correspondingly. These results are consistent with previous measurements of 7, in

e-ph
thin NbN films, which were 20 to 5 ps in a similar temperature range [8, 9]. This
work demonstrates some of the unique properties of ultra-thin MoRe that may make
it a viable alternative to more commonly used materials such as NbN for low-
temperature applications.
The work was supported by the Russian Science Foundation grant No. 24-72-
10105.
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Influence of cooling conditions and the field cooling gap
on bearings functional characteristics based on the HTS tapes

S. Pokrovskii, I. Martirosian, M. Osipov,
A. Starikovskii, D. Aleksandrov, P. Erykov

National Research Nuclear University

In this work we present a combined experimental and numerical study of high-
temperature superconducting bearing as the support element for a wide range devices
consisting of HTS and permanent magnet parts. As the results of this study,
dependencies of vertical and lateral levitation forces on the magnitude of levitation
gap at different initial field cooling heights of the HTS block were obtained (for 77.4
K in the experimental part and in a wide temperature interval in the numerical part).It
was found the existence of the optimal field cooling conditions (temperature and the
gap) to obtain high characteristics. The initial levitation height (maximum levitation
gap magnitude) spans from 5 mm to 100 mm in both numerical and experimental part
of this study.

Contactless magnetic suspensions or bearings can be divided into two major
groups: systems based on permanent magnets and conventional materials and systems
based on superconductors [1]. The main difference between traditional contactless
magnetic systems is, first of all, that in such systems it is necessary to organize
feedback loop to maintain the levitation gap within specified boundaries, which in
turn entails the necessity to organize somewhat complicated active control of the
magnetic system. Unlike traditional magnetic suspensions and bearings,
superconducting systems are stable because of the unique properties of
superconducting material to capture the external magnetic flux and «memorize» its
configuration [2]. Thus, a superconducting levitation system does not require stability
maintenance feedback loop. It is possible to organize a superconductor-based
levitation suspension or bearing using high-temperature superconductors (HTS)
based on REBCO (where RE is a rare-earth element). Tape superconductors can be
effectively used as an alternative to bulk materials in levitation applications, with
composite tapes leading to improved device (particularly bearing) efficiency,
simplified manufacturing processes, enabling more complex and optimized
geometries of system components, showing higher mechanical strength, improved
thermal performance, higher availability and therefore potential monetary cost
reductions [3].

In this work we present a combined experimental and numerical study of
support high-temperature superconducting bearing. The bearing consists of two main
parts: HTS block and permanent magnet (PM) block. For the HTS part we used the
«S-Innovations» 12 mm REBCO tape assemblies. NdFeB permanent magnets were
used for the PM block. The numerical model is based on finite elements method. To
calculate magnetic and force characteristics of HTS bearing we employed the H-
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formulation of Maxwell’s equations. The calculations were performed for several PM
configurations in a wide temperature interval. The numerical model was verified by
the experimental data. The field cooling initial levitation height (maximum levitation
gap magnitude) spans from 5 mm to 100 mm in both numerical and experimental part
of this study. In the experimental part, measurements of levitation forces were carried
out at the boiling temperature of liquid nitrogen (77.4 K).

As the results of this study, dependencies of vertical and lateral levitation
forces on the magnitude of levitation gap at different initial field cooling heights of
the HTS block were obtained. Additionally, analogous results were obtained for zero-
field cooling mode. At the boiling point of liquid nitrogen, numerical and
experimental data are in good agreement with each other for both vertical and lateral
levitation forces. Moreover, the effect of temperature on the levitation force
dependencies was numerically investigated.

The study was funded by the Russian Science Foundation grant No. 23-19-
00394, https://rscf.ru/project/23-19-00394/.
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Strain Assessment in YBCO Layer of Industrial 2G HTS Wires

M.O. Rikel!, V.A. Amelichev', A.V. Markelov', P.N. Degtyarenkol,
A.A. Kamenev', A.L. Vasiliev!?
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? Shubnikov Institute of Crystallography, Russian Academy of Sciences, Moscow, Russia

We report on the progress in quantifying the strain state in YBCO layer of 2G
HTS wires produced at S-Innovations for low-temperature magnet applications. The
focus is on developing the methodology of XRD measurements for determination of
out-of-plane and in-plane lattice parameters of Y123 phase and distinguishing the
contributions from strain and oxygen nonstoichiometry. The limitations in accuracy
due to uncertainties in accounting for noticeable bulk compressive strain and strain
gradients are analyzed. Correlations between the strain state and nanostructure
morphology revealed by TEM and mechanisms by which the strain state of Y123
affects wire performance are discussed.

Controlling the strain state is important for performance optimization in
industrial 2G HTS wires. The strain in YBCO layer depends on wire architecture
(difference in thermal expansion coefficients of constituent layers) and nanostructure
(lattice mismatch between Y123 matrix and nanoparticles) and may affect the
fundamental properties of Y123 (Tc, Bc2, ...) and, thus, the pinning energy, as well
as the nanostructure (twinning in Y123 matrix due to Tetra => Ortho transformation
during oxidation is very sensitive to the strain state).

In this contribution, we report on the progress in quantifying the strain state in
YBCO layer of 2G HTS wires produced at S-Innovations for low-temperature magnet
applications. The focus is on developing the methodology of XRD measurements for
determination of out-of-plane (c¢) and in-plane (a, b) lattice parameters of Y123 phase
and distinguishing the contributions from strain and oxygen nonstoichiometry. The
accuracy of the developed method is currently limited by the uncertainties in
accounting for (1) a noticeable bulk compressive strain that likely originates from the
presence of small Y203 nanoparticles fully coherent to the Y123 matrix and (2)
strain gradients in the Y123 matrix that may cause a difference in orthorhombicity,
2(b—a)/(b + a), values assessed from different (HKL, KHL) doublets.

We also analyze correlations between the changes in the strain state and
nanostructure morphology revealed by TEM. Mechanisms by which the strain fields
in Y123 matrix may affect wire performance are discussed.
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550 GHz mixer prototype

K. Rudakov'?, G. Nazarov'?, Ya. Vodzyanovsky',
A. Khudchenko', I. Tretyakov?, L. Filippenko',
A. Chekushkin?, V. Koshelets®
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> IRE RAS

Receivers based on the superconductor-insulator-superconductor (SIS) tunnel junction are one of
the most sensitive heterodyne systems for detecting submm and mm-band waves. In this work, we
present numerical simulation results and preliminary SIS mixers design at 550 GHz. The mixer
includes RF probe, filters, tuning structure, contact pads on a single quartz substrate. The developed
designs sensitivity to major technological deviations in dimensions and parameters is evaluated.
The prototype receiving element under development has the potential to be used in future on the
astronomy observatory.

The study of water transport origin in the universe is an important goal for
astronomy [1]. The frequency band 500-600 GHz includes the information about
water vapor’s spectral lines in the Universe and considered for astronomy
observations [e.g. 2-4]. We are working on the DSB (double side band) receiver
based on the SIS (superconductor isolater superconductor) junction. We have
evaluated the DSB mixer designs for the 505-600 GHz frequency range. The mixer
microstructure is incorporated into an RF waveguide block connected to the input
feed horn and to magnet field support systems.

These microstructure designs were developed using numerical calculations
provided by a 3d modeler program with including the superconducting material
properties. We used a waveguide probe placed orthogonally to the waveguide. We
have found an optimal waveguide and fused quartz substrate dimensions: 60 pum
thick, 210x420 pum cross-section respectively. The designed mixers include the SIS
junctions with approximately 0.5 um?” area and normal resistance of Rn ~ 20 Ohm.
The SIS (Nb/AIOxX/NbN) junctions is embedded into 200 nm Nb wiring and
separated by a 250 nm SiO, layer. The current density of the SIS bath thrilayer is
about 21 kA/cm’ and the estimated quality factor Ri/R, should be about 18, where
R; is a sub-gap resistance, R, is a normal state resistance.

Optimal coupling between the waveguide and the SIS junction is achieved by
using a probe with the impedance close to 4 — 18i Oms, a microstrip line transformers
and tuners. These SIS junctions are small and very thin structures that leds to
significant junction’s capacitance which should be untuned. These lines between the
probe and the SIS junction act as a microstrip line impedance transformers and tuners
for the SIS junction. Using 0.5 pm” area SIS junctions allows to achieve a good
matching between the waveguide input and the junctions using only microstrip
structures. In addition, the small SIS junction can leds for sower IF band degradation.
Now we are working on fabrication the designs and the assembly.
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Superconducting magnets for synchrotron radiation source,
developed at the BINP

A. Sedov

BINP

Review of superconducting magnets produced at ISF SB RAS. This paper
presents superconducting wigglers, shifters, and quadrupole lenses developed for new
SR sources such as SKIF, KCSRN 2, and SCFT.

Superconductivity has become one of the most influential accelerator
technologies in the last 30 years, and superconducting magnets have become the
indispensable choice for large colliders, as well as cyclotrons and synchrotrons.
Accelerator magnets vary depending on the type of accelerator and the required tasks
for which they are intended.

The Budker Institute of Nuclear Physics is one of the leaders in the production
of superconducting insertion devices for SR generation, such as wigglers and
undulators [1]. Insertion devices developed at the INP have been installed in many
storage rings around the world. Currently, the INP is developing insertion devices for
the new synchrotron center Siberian Ring Photon Source (SKIF) and for the
Kurchatov Synchrotron Radiation Source (KISI).

It is planned that SKIF will operate at an energy of 3 GeV and with a
horizontal natural emittance of 75 pm - rad, generating synchrotron radiation with a
maximum brightness in the range from 100 eV to 100 keV for 30 different
experimental stations [2]. Of the 30 planned stations, 6 stations will be put into
operation first, including station 1-3 “Fast processes” and station 1-5 “Diagnostics in
the high-energy X-ray range”, which will use superconducting wigglers as a radiation
source.

As a result of the work done, a 144-pole superconducting wiggler with a period
of 27 mm and a magnetic field level of 2.7 T and a 36-pole superconducting wiggler
with a period of 48 mm and a magnetic field level of 4.5 T were assembled and
tested.

Also, work has begun at INP on creating insertion devices for the upgraded
KCSRN 2 source. As a result of the KCSRN upgrade, a third-generation synchrotron
with a power of 2.5 GeV will be created, capable of operating in the “infinite” beam
lifetime mode. In addition to the existing insertion devices, it is planned to install a 5-
pole shifter, an undulator with a period of 18 mm and a field of 1.4 T, and a spiral
undulator [3].

The development of final focus magnets for the Super Charm-Tau Factory
(SCTF) accelerator complex is also underway. To test the crab-waist technology, it is
planned to create an experimental setup for the beam collision point at VEPP-4M
with a FF system similar to the system planned for SCTF. The beams are supposed to
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be focused at the collision point using superconducting quadrupole lenses, which will
be placed inside the detector solenoid [4].
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High-Q superconducting terahertz Fabry-Pérot resonator

A.V. Terentiev

Moscow Institute of Physics and Technology, Dolgoprudny, Russia

We fabricate high-Q monolithic THz Fabry-Pérot resonators by depositing SC
MogeRep4 films (T.=7-8 K) on plane-parallel slabs of high-resistivity silicon.
Transmission coefficient of the resonators is measured at frequencies v=3-50 cm—1
and at temperatures T=2.5-300 K. In the SC state, the interferometric peaks exhibit a
dramatic increase in quality factor Q and a reduction in FWHM Av. Record values are
obtained at T = 2.5 K: Q=830 (peak at ~6 cm—1), Av=0.005 cm—1 (peak at =3 cm—1).
The resonator is compact, portable, and mechanically robust which makes it
promising for applications with stringent weight and size constraints, such as
astronomy and atmospheric science.

Fig. 1. THz transmission coefficient of a Fabry-Pérot resonator with SC Moo Reg4 films as
reflectors measured above (8 K) and below (2.5 K) T~8 K.

High-Q Fabry-Pérot resonators are made by depositing SC Mo, ¢Rey 4 films
(10, 20, 30 nm thick, T;=7-8 K) on both sides of plane-parallel slabs of highly
resistive silicon. Performance of resonators, as well as films parameters (SC energy
gap, London penetration depth, SC condensate plasma frequency) are characterized
by measuring transmissivity of resonators at frequencies 3-50 cm ' and at
temperatures 2.5-300 K. Dramatic increase in reflectivity of the films and drop in
losses in SC state lead to record values of quality factor Q and finesse F of
interferometric peaks at T=2.5 K: Q=830 (peak at ~6 cm '), F=580 (peak at ~3 cm ;
FWHM=150 MHz, Fig.1). Despite the need for deep cooling, due to extreme
compactness (8*8 mm?’, 0.5 mm thick) and simple design, the resonator is promising
for applications in THz technology, especially in situations with stringent weight and
size constraints.

The work was supported by the Ministry of Science and Higher Education of
the Russian Federation: projects FSMG-2025-0005 (THz experiments), 075-15-2025-
010 (sample preparation and characterization).
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Influence of Filamentation on Magnetization Losses
in Laser-Processed 2G HTS Tapes

S.V. Veselova, M.A. Osipov, D.A. Abin, S.V. Pokrovskii

This study investigates filamentation of 2G HTS tapes to mitigate energy
dissipation caused by Abrikosov vortex motion in alternating magnetic fields. Laser
segmentation into parallel conductors reduces hysteresis losses by restricting vortex
mobility, while copper-coated filaments enhance thermal stability during quenches.
Optimal laser ablation parameters (19+1 um depth, 10 passes) were determined via
profilometry (Ra/Rz analysis). Magneto-optical imaging confirmed isolated filament
formation. MPMS-5 measurements (4.2-77.4 K, £5 T) revealed filamentation-
dependent magnetization losses: significant reduction at 4.2 K, weakening at 40 K,
and minimal effect at 77.4 K.

During operation in alternating magnetic fields, non-filamented high-
temperature superconducting (HTS) tapes experience movement of Abrikosov
vortices, leading to energy dissipation. Laser or mechanical segmentation into
parallel insulated conductors reduces hysteresis losses during magnetization reversal
by restricting lateral vortex motion through the creation of physical barriers [1, 2].
Additionally, filamentation localizes heat generation during quench events. Each
filament is surrounded by a copper coating that enhances heat dissipation and
prevents overheating of the entire tape.

This work focused on optimizing laser cutting parameters for second-
generation (2G) HTS tapes to establish conditions for forming filamentary structures.
Samples with varying numbers of filaments were produced. Surface morphology was
analyzed using a profilometer via longitudinal scanning, enabling quantitative
evaluation of average roughness (Ra) and mean depth (Rz). Samples with optimal
laser ablation depth (19+1 pm), achieved through 10 laser passes, were selected for
reproducible filamentation.

Magneto-optical imaging confirmed spatial separation of the superconducting
layer into isolated filaments. Quantitative analysis of magnetic properties was
performed using an MPMS-5 system in the temperature range of 4.2-77.4 K under
cyclic magnetic fields of 5 T. The obtained magnetization hysteresis curves
demonstrate the dependence of magnetization losses on the degree of filamentation.
At 4.2 K, a significant reduction in hysteresis losses was observed. This effect
diminished at 40 K and further degraded at 77.4 K.

The study was supported by the Russian Science Foundation grant No. 23-19-
00394, https://rscf.ru/project/23-19-00394/.

References

1. Lan, Tian, et al., IEEE, 33(6), 1-12 (2023).
2. Skov-Hansen, P., Z. Han, and Jakob Ilsted Bech. IEEE, 9(2), 2617-2620 (1999).

259



Applied superconductivity

Application of the 3D-MLSI program
for designing superconducting interferometers
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The increasing data processing demands in neuromorphic computing raises the
issue of using superconducting electronics, which offer advantages in speed and
energy efficiency. Josephson interferometers have previously been proposed (for
example, [1]) which have the necessary type of transfer function (TF) for the
implementation of a superconducting perceptron or radial basis function networks.
However, the necessary type of TF depends on specific, optimal ratios between the
inductors of the neuron elements. Therefore, when designing experimental samples,
numerical modeling of the proposed interferometer design, taking into account the
shape of the superconducting connecting lines, becomes particularly important.

In this paper, we want to demonstrate the capabilities of the 3D-MLSI program
[2], developed by researchers at Moscow State University and which is the most
accessible for Russian users. The program solves Maxwell’s and London’s equations
for a given configuration and geometry of inductive superconducting lines. The
capabilities of the program are illustrated by comparing simulated results with those
of an experimental study of two-junction superconducting interferometers of four
different designs. All designs involved the use of three superconducting layers
separated by layers of Insulation. The bottom layer performed the functions of a
superconducting screen, while the other two were intended to create a control line
and an interferometer loop. The interferometers were U-shaped, with the Josephson
junctions located at the base of the “U”, and the “crossbar” had a variable length for
different samples of the same design. Experimental and numerical studies of
interferometers of a more complex shape, representing partial circuits of a sigma
neuron, were also conducted. A good agreement between the calculated and
experimental results (at the level of several percent) was obtained, which confirms
the high potential of the 3DMLSI program for designing elements of digital
superconducting electronics.

This work was supported by the Russian Science Foundation grant No. 23-72-
00053. Samples were fabricated using the «Cryointegral» unique scientific facility
(USF No. 352529) of the V.A. Kotelnikov Institute of Radio Engineering and
Electronics of the Russian Academy of Sciences.
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000 «JIAHXHUT» npou3BOAUT BBICOKOYHCTHIC HEOPraHW4YecKHe
MaTepHuaJIbl JJIA:

' DJIeKTPOHHKH
< OOTOHUKH
< dapMaueBTHKH
< Sinepuoii
MeJUIHHBI
< Hay4HbIX HCCIeI0BAHUI

Hcnoab3yss coOCTBeHHble Hay4Hble MCCJIEAOBAHMSI M Pa3padoTKu
000 «JAHXHUT» npou3Boaur:

® yIbTpacyxue TaJOTeHHIbl METAJUIOB: XJOPHIBI, OpOMHUABI, HOAMABL. OTH
COCIMHCHUSI YYBCTBHTEIIFHBI K KHCJIOPOJY U Biare, BCE YJBTpacyxue
Marepuaibl (IpUMecH Kuciaopoga W Biuard B auanazoHe 50—-100 ppm)
amMImynupyoTcsi B atMocdepe  aproHa. [Ipoaykums — COOTBETCTBYET
MEXIYHApOJIHBIM CTaHAapTaM KadecTBa, CTENeHb YWUCTOTHI MaTephalioB
coctaBimsier oT 99,9% mo 99,999%, uro oO0yciaBiIMBaeT BO3MOMXHOCTH
NPUMEHCHUS TaJOTCHUIOB B pAa3IWYHBIX O0NACTAX HAYKH W TCXHUKH.
BoNbmMHCTBO  yIBTpacCyXUX MaTepUalioB MPOW3BOAMUTCS B BHUIE TpaHyI
chepuueckoil GpopMbl (MeHee 2 MM), a TAKIKE B BHJIE KPUCTAJUIOB U TIOPOIIKOB.
CoenuHeHysl JOCTYIHBI B KOJMUECTBAX OT TPAMMOB JI0 COTHU KHJIOIPaMMOB,

® COJIM PpEAKO3EeMENbHbIX METaUIOB (MMApaThl HUTPATOB, TaJlOTEHUOB,
cynb(daToB, aneTaToB, KapOOHATOB, OKCATIATOB, HAHOIUCTIEPCHBIE OKCHUIIBI);
OKCHJIBI PEIKAX METAJIOB;
BBICOKOYHCTBIE METAILTHI (MBIIIBSIK, MOJIMOICH, CTpOHIINH, PeHuii 1 1p.);

® [IEJOYHBIC METAJUTBI (HATPUH, Kauid, pyOuIuii, e3uii).

CuHTe3upyeM MaTepHalbl 0 HHAUBUIYaJIbHOMY 3allpOCy 3aKa3uuKa.

Bbi0upaiiTe HaesKHOCTH M BBICOKOE KA4eCTBO — BbIOMpPaiiTe NPOIyKIHIO
000 «JIAHXHUT»!

000 «JIAHXUT»

105118, r. Mocksa, m1. OHTy3nacTos, 34
Tenedon: +7 (499) 948-23-44

E-mail: info@lanhit.ru

Caiit: www.lanhit.ru
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LLC «LANHIT» produces high-purity inorganic materials for the following
industries:

»Electronics
*»Photonics
s*Pharmaceutical
<*Nuclear medicine
*»Scientific research

Based on its own scientific research and in-house developments, LLC
«LANHIT» manufactures:

e Ultra dry metal halides: chlorides, bromides, and iodides. These compounds
are highly sensitive to oxygen and moisture. All ultra dry materials (with
oxygen and moisture impurities in the range of 50-100 ppm) are sealed in
ampoules under an argon atmosphere. The products meet international quality
standards, with material purity levels ranging from 99.9% to 99.999%, which
allows their use in a wide range of scientific and technological applications.
Most ultra dry halides are produced as spherical granules (less than 2 mm), as
well as in crystalline and powder forms. Quantities are available from grams to
hundreds of kilograms;

e Rare-carth metal salts (hydrates of nitrates, halides, sulfates, acetates,
carbonates, oxalates, and nanodispersed oxides);

e Rare metal oxides;

High-purity metals (arsenic, molybdenum, strontium, rhenium, etc.);
Alkali metals (sodium, potassium, rubidium, cesium).

We also offer custom synthesis of materials based on individual customer requests.

Choose reliability and exceptional quality — choose LANHIT products!

LLC «LANHIT»
105118, Moscow, Shosse Entuziastov, 34
Phone: +7 (499) 948-23-44

E-mail: info@lanhit.ru

Website: www.lanhit.ru
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Hayunoe uzdanue

The 6" international conference

Fundamental Problems of Superconductivity

September 29 — October 4, 2025

[Nogmucano B nevats 26.09.2025. dopmat 60x84'/1.
Ven. neu. 1. 15,81, Vu.-u3g. . 15,17. T'apuutypa «Taiimer.
Bywmara nns nudposoii nevaru. [leyats nudporas. 3akas Ne 25-53.

AHO «MXeBCKuif HHCTUTYT KOMIBIOTEPHBIX HCCIIETOBAHMUIDY
426053, r. Vxesck, yin. Bopommnosa, 1. 123.
http://shop.rcd.ru  E-mail: mail@rcd.ru  Ten./dakc: +7 (3412) 91-62-14

OtrevaTano B HU(PPOBOi THITOTpahuu
AHO «/keBCKMif HHCTHTYT KOMITBIOTEPHBIX HCCIIEIOBAHII.




