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The New Record High Tc¢ of 149 K in HBCCO at Ambient
Without Pressure via PQP

Paul C.W. Chu!

'Department of Physics, University of Houston, USA

Email: cwchu@uh.edu

By deploying our newly developed Pressure Quenching Protocols (PQP), we have
succeeded achieving the new record Tc of 149 K in HBCCO at ambient without
pressure, in contract to the previous ambient record at 133 K obtained in 1993 K. In the
present talk, I shall discuss the principles, execution and promises of PQP in advancing
Tc at ambient without pressure and in retaining the metastable phases in solids for
science and technology according to our success.
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Boosting Superconductivity via Pressures: from Elements to
Polyhydrides

Changging JIN'

Institute of Physics, University of Chinese Academy of Sciences, Chinese Academy of
Sciences(IOPCAS), Beijing 100190, China

Email: Jin@iphy.ac.cn

Pressure plays growing role in buildup new superconductors(SC). One ascpect is to
high pressure synthesiz new SC by design while the other is to enhance
superconducutivity by applying pressure to materials. Here we introduce element SC
showing extremly high Tc up to 300 GPa high pressures (1GPa ~ 10,000 kbar) plus
polyhydride SC with Tc above 200K.
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1.

2.

3.

Z. W. Li, X. He, C. Q. Jin et al., "Superconductivity above 200K Observed in
Superhydrides of Calcium", Nature Communications 13, 2863(2022);
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C. L. Zhang, X. He, C. Q. Jin ef al., "Superconductivity above 80 K in polyhydrides
of hafnium", Mater Today Phys 27, 100826(2022)

. Z. W. Li, X. He, C. Q. Jin et al., High Pressure Synthesis & Superconductivity of

Ytterbium Polyhydrides (Submitted)

C. L. Zhang, X. He, C. Q. Jin et al., "Superconductivity in Zirconium Polyhydrides
with Tc above 70 K". Sci. Bull. 67, 907(2022)
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Antimony Polyhydrides, Natl Sci Rev 11, nwad241 (2024)
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Electron correlation and high-temperature superconductivity
Takeshi Egami'?

'Shull-Wollan Center, Department of Materials Science and Engineering, Department
of Physics and Astronomy, University of Tennessee, Knoxville, TN 33796, USA
*Materials Science and Technology Division, Oak Ridge National Laboratory, Oak
Ridge, TN 37831, USA

Email: egami@utk.edu

It is well-known that strong electron correlation plays a central role in high-
temperature superconductivity (HTSC) of the cuprates. However, so far, the focus has
been only on its role in spin polarization and related effects. Here I discuss its role in
Bose-Einstein condensation (BCE). We have observed earlier that in “He the atom-
atom separation in the BE condensate is longer by 10% than that in the non-condensate
(4.0 A vs. 3. 6 A) [1]. This is because in the condensate all particles occupy the same
ground state, thus they cannot overlap in space. Now, in the cuprates because of the
strong pairing forces the BCS-BEC crossover is most likely occurring. Then the
difference in the pair-pair distances due to BEC reduces the Coulomb repulsion energy
in the condensate and adds to the BEC driving force. We also have observed by
inelastic x-ray scattering presented in real space that dynamic electron correlations are
strongly modified in the plasmon. These observations suggest a real possibility that the
BEC reduction in the repulsion energy can be a significant element to boost the critical
temperature of HTSC [2].

References

1. W. Dmowski, S. O. Diallo, K. Lokshin, G. Ehlers, G. Ferré, J. Boronat and T.
Egami, Observation of dynamic atom-atom correlation in liquid Helium in real
space, Nature Communications, 8, 15294 (2017).

2. T. Egami, Dynamic correlations in disordered Systems: Implications on high-
temperature Superconductivity, Condensed Matter, 9, 12 (2024).
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Critical crossover of correlated charge and spin in LaSrCuQO
and other cuprate superconductors from NMR

Daniel Bandur, Abigail Lee, Juergen Haase*

Felix Bloch Institute for Solid State Physics, University of Leipzig, 04103 Leipzig,
Germany

Email: j.haase@physik.uni-leipzig.de

It is clear, now, that planar Cu and O nuclear magnetic resonance (NMR) shows
fundamental differences in terms of the locally measured magnetic response as well as
sharing of charge between both atoms, differences related to, e.g., the maximum
critical temperature [1,2]. We will review the NMR data and present new
measurements on static charge and spin inhomogeneities that are responsible for the
NMR linewidths, which undergo a critical crossover as a function of doping in La,.
S1CuOsnear x=0.25. The findings below this doping level seem to be universal to the
superconducting cuprates and are found to be related to intra unit-cell charge ordering
that responds to pressure and temperature [3]. Since all planar O shift and relaxation
data can be understood with a temperature independent pseudogap that closes with
increasing doping [4], a spatially inhomogeneous gap would explain the charge
variation at lower doping levels, but not beyond x=0.20. Furthermore, the states
outside the gap must be fermionic from shift and relaxation, but the correlation length
of the uniform spin susceptibility cannot exceed the CuO, unit cell. This then points to
stripes as origin [5], but even these must undergo a critical crossover at high doping
levels as well, a scenario that was discussed recently [6].

References

Bandur, D. et al. e-print arXiv:2309.11874v3 (2024)
Jurkutat, M. et al. PNAS (120) 2215458120 (2023)
Reichardt, S. et al. Condens Matter 3, 23 (2018).
Nachtigal, M. et al. Condens. Matter, 5, 66 (2020)
Bandur, D. et al. (in preparation)

Lee, Q. et al. Phys. Rev. Lett. 131,116002 (2023)
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Mapping the softening of the breathing phonons to elucidate the
structure of charge fluctuations in YBCO

Sergio Caprara'

'Dipartimento di Fisica - Universita di Roma Sapienza, piazzale Aldo Moro, 5 - 00185
Roma (Italy)

Email: sergio.caprara@uniromal..it

We undertook a thorough experimental survey of the phonon spectrum of YBCO by
means of resonant inelastic X-ray scattering [1] as a function of temperature, along two
main directions of the Brillouin zone, in an underdoped sample, with superconducting
critical temperature Tc=71 K, and in an overdoped sample with Tc=87 K. According to
our previous findings [2,3], we expected that both charge density waves and charge
density fluctuations are present in the underdoped sample, while only the latter are
present in the overdoped sample, so our goal was to elucidate the role of the different
kinds of charge collective modes in the observed softening of the breathing phonons
[4] near the charge-ordering transition. Our results show that the softening occurs even
when charge density waves are absent, pointing to a major involvement of the charge
density fluctuations.

References

1. M. Fedele, et.al., in preparation (2025).

2. R. Arpaia, et al., Science 365, 906 (2019).

3. R. Arpaia, et al., Nature Communications 14, 7198 (2023).
4. W. S. Lee, et al., Nature Physics 16, 545 (2020).
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Localization-Enhanced Superconductivity in Multi-Band Materials
A. Vagov*', V. Neverov'?, A. Lukyanov'?, A. Krasavin'?, M. Croitoru', A. Shanenko'

'HSE University, 101000 Moscow, Russia
*Institute National Research Nuclear University MEPhI, Moscow 115409, Russia

Email: av.vagov@hse.ru

Strong disorder exerts two opposing effects on a superconducting material. On one
hand, it leads to localization of electrons and Cooper pairs, resulting in spatial
fragmentation of the condensate state. It enhances the local density of single-particle
states, increasing the binding energy of Cooper pairs and the critical temperature at
which the condensate state appears. On the other hand, it destroys the longrange
coherence, suppressing superconductivity and reducing the corresponding critical
temperature. This work [1] demonstrates that if such a disordered superconductor is
coupled to a clean or weakly disordered conducting material, the long-range coherence
is restored via the proximity effect. As a result, the coexistence of the two subsystems
combines the advantages of the high critical temperature of the disordered
superconductor and the global supercurrent of the clean one. This synergy effect is
robust and can occur in superconducting multi-band and heterostructures, whether they
are disordered or have artificial superstructures.
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Figure: (a) Temperature dependence of the gap function for the strong band and the weak
band, for the cases when strong band is disordered and clean. Low temperature T.,” is the
critical temperature of the second band in the absence of inter-band coupling. (b)--(c) The
spatial distribution of the band gap. (d) Profile of the gap for strong band (red) and weak band
(blue) along the dashed lines in panels (b) and (c). Panel (e): Histograms of the absolute value
of the gap function for the strong band (red) and the weak band (blue).
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Anomalous magnetic excitations in the half-filled TI-based
cuprate

Izabela Biato*', Julia Kiispert™' Leonardo Martinelli', Ola Forslund', Wojciech
Pudetko', Chun Lin', Davide Betto?, Nicholas B. Brookes®, Kaori Tanaka®, Qisi Wang®,
Johan Chang'

' Physik-Institut, Universitdt Ziirich, Winterthurerstrasse 190, CH-8057, Ziirich,
Switzerland

*ESRF, The European Synchrotron, 71 Avenue des Martyrs, CS40220, 38043
Grenoble Cedex 9, France

3 Department of Physics and Engineering Physics,and Centre for Quantum Topology
and Its Applications (quanTA), University of Saskatchewan, 116 Science Place,
Saskatoon, Saskatchewan, Canada S7N 5E2

* Department of Physics, The Chinese University of Hong Kong, Shatin, Hong Kong,
China

Email: izabela.bialo@uzh.ch

The physics of two-dimensional square lattice at half-filling is well described by the
Hubbard model with the antiferromagnetic ground state represented by an effective
Heisenberg Hamiltonian. However, when the system is moved from the strong-
coupling limit to the region of intermediate interactions (e.g., by introducing doping),
quantum fluctuations may appear [1]. During the years, it was difficult to
experimentally value the importance and strength of quantum fluctuations. However,
increasing resolution of synchrotron techniques, as well as improved crystal growth
technology, enable one to observe their experimental manifestations in more detail [2,
3, 4].

Here, we introduce an ultra-clean half-filled cuprate system with moderate correlation
strength. Using high-resolution resonant inelastic x-ray scattering, we probe the
magnon excitations and their dispersion. We show that the dispersion is associated
with a discontinuous “band” velocity. Within a Heisenberg-Hubbard model, this
discontinuity is assigned to the presence of strong quantum fluctuations.

References

1. M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70, 1039 (1998).
2. W.S. Lee et al., Nat. Phys. 17, 53-57 (2021).

3. H. Y. Huang et al., Phys. Rev. X 11, 041038 (2021).

4. Q. Wang et al., Nat. Comm. 13, 1795 (2022).
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Multi-band superconductivity and its implications for real
systems: SrTiO;, cuprates, MgB,

Annette Bussmann-Holder*' and Hugo Keller*

'Max-Planck-Institute for Solid State Research, Heisenbergstr. 1, D-70569 Stuttgart,
Germany,

’Physik-Institut der Universitdt Ziirich, Winterthurerstr. 190, CH-8057 Ziirich,
Switzerland

Email: a.bussmann-holder@fkf.mpg.de,

Only a year after the publication of BCS theory two independent groups [1, 2]
suggested that the more complicated structure of real systems than considered in BCS
theory can be accounted for by including interactions between several bands in the
theory. It took however, more than 20 year to discover the realization of this scenario
interestingly observed in Nb doped SrTiO; [3]. This compound was long believed to be
a rare example of two-band superconductivity until K. A. Miiller [4] suggested the
coexistence of s- and d-wave condensates in high temperature cuprate superconductors
in view of unexplainable and contradictory experimental results. While many
succeeding data convincingly supported his proposal of s+d wave superconductivity, it
remained under debate since today. However, 6 years later clear evidence for two-band
superconductivity was established in MgB, [5] and from then on numerous systems
discovered with related features.

Here, we discuss the three prominent representatives mentioned above, and highlight
the important features and signatures of multiband superconductivity
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superconductors. A review with unexpected highlights
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Cuprate high-temperature superconductors (HTSs) exhibit some remarkable features
(see e.g. [1,2]): 1) The superconducting transition temperatures T. as compared to
conventional BCS type superconductors is unusually high. 2) They are layered ceramic
superconductors with strongly anisotropic normal and superconducting state properties.
3) They reveal a rich doping dependent phase diagram with partially coexisting
magnetic and superconducting phases, including a pseudogap and stripe-ordered phase.
4) They are multi-band superconductors with mixed order parameters and intrinsic
heterogeneity. 5) They demonstrate unconventional isotope effects on various
quantities [e.g. the transition temperature 7., the superfluid density ps(0) the
“pseudogap” (charge-ordering) temperature 77].

In this talk a review of various oxygen-isotope ('°0/"*0) effects studies in HTS's per-
formed over the last 30 years by the University of Zurich group and co-workers is
presented. A prominent selection of unconventional isotope effect results is discussed
in detail, highlighting the importance of lattice effects in HTS’s.

This talk is dedicated to K. Alex Miiller who initiated 1990 the Isotope Effect Project
at the University of Zurich [3]. Throughout the entire duration of this venture, he made
decisive contributions to the success of the project with his in-depth expertise and great
enthusiasm.
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resistivity and Tc in overdoped electron-doped cuprate
superconductors
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The recently observed an intimate link between the nature of the strange metallic
normal-state and superconductivity in the overdoped -electron-doped cuprate
superconductors is calling for an explanation [1,2]. Here the intrinsic correlation
between the strength of the low-temperature linear-in-temperature (T-linear) resistivity
and superconducting transition temperature T. in the overdoped electron-doped cuprate
superconductors is studied within the framework of the Kkinetic-energy-driven
superconductivity [3]. On the one hand, the main ingredient is identified into a electron
pairing mechanism involving the spin excitation, and then T. has a dome-like shape
doping dependence with the maximal T. that occurs at around the optimal electron
doping [4]. On the other hand, in the normal-state above T., the low-temperature T-
linear resistivity in the overdoped regime arises from the momentum relaxation due to
the electron umklapp scattering mediated by the same spin excitation [3,5]. This same
spin excitation that governs both the electron umklapp scattering responsible for the
low-temperature  T-linear resistivity and electron pairing responsible for
superconductivity naturally generates a correlation between the strength of the low-
temperature T-linear resistivity and T. in the overdoped regime [3].
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Spontaneous Weyl Superconductivity on 3D Cubic Lattice
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The recent success on the simulation of 3D Hubbard model on the optical lattice [1]
has aroused great research interests on the study of 3D strongly-correlated electronic
systems. Here, we investigate the superconducting pairing symmetry problem based
on the 3D cubic O, symmetry with both weak- and strong-coupling approaches, taking
the minimal Hubbard model as an example [2]. The dominant pairing symmetries be-
long to the two-dimensional E, representation at low and intermediate doping levels,
and the complex mixing gap function of the ds.,-,» +idw2 -type is energetically favored
in the ground state. Cooper pairs with such a symmetry do not possess orbital angular
momentum (OAM) moments, which is different from other time-reversal symmetry
breaking pairings such as p, +ip, (e.g *He-A) and d»-,2+id,, under the planar hexagonal
symmetry. Instead, they develop the octupolar O,,. component of OAM, which results
in 8 nodal points along the body diagonal directions exhibiting an alternating distribu-
tion of monopole charges +1. This leads to an intriguing 3D Weyl topological SC,
which accommodates nontrivial surface states of Majorana arcs. Our results appeal for
material realizations and experimental tests in optical lattices.
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How to identify a triplet superconductor by tunneling spectroscopy
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Superconductivity emerges due to pairing of electrons in Cooper pairs, which are
bosonic quasi-particles with integer spin and which condense into a macroscopically
coherent ground state. So far, in all cases where the pairing symmetry of the Cooper
pairs has been established, they in a spin singlet state, but they could in principle also
exist as spin one quasi-particles and form a spin-triplet condensate.

We have over the last decade studied a number of promising candidate materials by
low temperature scanning tunneling microscopy, including non-centrosymmetric
superconductors[1,2] and unconventional correlated superconductors[3, 4], but each
time found evidence for dominant singlet pairing. I will discuss how the experimental
signatures of triplet superconductivity would look like in tunneling spectroscopy,
including for cases where the signatures in quasi-particle interference are influenced by
a sizeable out-of-plane dispersion [5]. I will compare the results with recent
experiments and discuss the implications for the superconducting order parameter.
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magnetic fields in exactly solvable models for strange metals
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Unconventional metallic phases detected in strongly interacting electron systems, e.g.,
heavy fermions, pnictides, and high-temperature superconducting cuprates, have been
dubbed “strange metals” due to their exotic experimental phenomenology, that does not
comply with standard descriptions stemming from the Landau Fermi-liquid (FL)
paradigm [1,2].

Such unusual properties include: linear-in-temperature (T-linear) DC resistivity [3-6],
universal w/T scalings of the optical conductivity as a function of frequency w [7], B/T
scalings of the magnetoresistivity as a function of applied magnetic field B [4,5,8], T*
behaviour of the Hall angle cotangent [9,10], interaction-dependent renormalizations of
the cyclotron frequency [11], and last but not least, unconventional superconductivity
with partially coherent quasiparticles born out of incoherent, non-Fermi liquid (NFL)
normal-state spectra [12-14].

An intriguing but still debated perspective connects aforementioned findings to
quantum criticality, i.e., the presence of zero-temperature phase transitions in the phase
diagram, accompanied by strong finite-temperature order-parameter fluctuations. To
assess the validity of such conjecture, it is useful to construct exactly solvable models
for NFL states, and to analyze the effect of external perturbations (such as magnetic
fields) on such states in this controlled framework.

In this work, we exactly solve the spatially disordered Yukawa-Sachdev-Ye-Kitaev
(SD Yukawa-SYK) model, based on 2D dispersive fermions and bosons, coupled
through spatially random contact interactions. In the normal state, the fermions realize
a marginal Fermi liquid (MFL) with linear-in-temperature DC resistivity concomitant
with critical soft bosons [22-24], while the latter also mediate superconductivity below
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a finite critical temperature T, with finite phase stiffness [25]. The normal-state optical
conductivity displays universal w/T scalings as a function of frequency w and
temperature T, consistently with recent experiments on the normal state of the cuprate
La,—Sr,CuO; with x = 0.24 [7].

We also apply this model to DC and AC strange-metal orbital magnetotransport [26].
The cyclotron resonance frequency in the conductivity shifts linearly with applied
magnetic field and is renormalized by disordered interactions [26], analogously to
recent magnetoconductivity experiments on cuprates [11]. Such cyclotron frequency
renormalization can be compared with hydrodynamic models of magnetotransport [26].
Interactions also affect the DC longitudinal and Hall resistivities, which we analyze as
a function of T and B. Finally, we consider how Zeeman spin splittings, induced by in
plane applied magnetic fields, influence the strange-metal phase diagram.
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Shining a light on the cuprate puzzle: quasiparticle versus
“unparticle” physics
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One of the fundamental questions in correlated electron systems is whether its low-
energy physics can be described in terms of electronic quasiparticles — or these decay
and we are left with the “unparticle”physics [1]. A paradigmatic example of such a
situation can be found in the lightly doped cuprates, i.e. antiferromagnets with added
mobile holes. These, depending on the system dimension, either support well-defined
electronic quasiparticles (spin polarons) or fractionalisation into spinons and holons
takes place [2].

In this talk, I will first give an alternative understanding of the difference between the
spin polaron and the spinon-holon fractionalisation [3]. Next, I will discuss which of
these two descriptions seems more appropriate to the lightly doped cuprates. To this
end, I will present an overview of our recent studies of the angular resolved
photoemission (ARPES) spectra of the undoped cuprates, all showing a prominent
stability of the fermionic quasiparticles irrespectively of whether they are of a quasi-1D
or quasi-2D variety [4].
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A Data-Driven Approach to Understanding Hole Localization in
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Determining the nature of the electronic phases that compete with superconductivity in
hole-doped cuprates becomes one of the deepest problems in condensed matter
physics. Debate exists over whether charge carriers form a ‘stripe’ phase, because of
modulation by a distortion in the crystal structure through the electron-lattice
interaction, or a hole crystal driven by many-body interactions. Distinguishing between
the two requires determining whether the charge density is modulated in real space or
holes are localized. The advancements in both modern neutron spectrometers and
diffractometers motivated us to revisit this long-lasting problem. These developments
allow for low-noise and high-resolution multi-dimensional data acquisition in an
achievable experimental time frame and dramatically changes interpretation of
scattering. Although neutrons are not able to directly measure the charge order in
cuprates, neutron scattering combined with data-driven machine learning analysis can
reveal great details in lattice structure and vibrations (phonons), which are sensitive to
various electronic phases through mediating an effective electron-electron interaction.
Using a two-leg ladder cuprate compound, Sr14xCaCu.4O41 (x = 11.5), as an example,
our recent inelastic neutron scattering measurements have unveiled a local optical
phonon mode induced by a variation in coupling strength with oxygen sites on the two
neighboring rungs in the ladder layer. High-resolution diffraction measurements further
reveal a modulated out-of-plane distortion of oxygen atoms along the chain layers. A
modulated variation in electric potential along the ladder results from this chain
distortion, leading to a variation in coupling strength with oxygen sites on the rung.
The minima of the potential also serve as hole pinning sites, from which the hole
crystalline structure can be determined. This determination of hole distribution and
hole crystalline structure represents a major step in understanding the charge order in
cuprates.
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Ab initio studies and related work on cuprate superconductors
Masatoshi Imada'
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We update recent progress on understanding of cuprate superconductors obtained by

ab initio calculations. The insights gained by the ab initio calculations including the
superconducting mechanism are also discussed.
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Intertwined dynamic spin and charge responses from cuprates
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Several different spin and charge responses from high-Tc cuparges have been observed
by different probes at different momentum transfers. They are: (1) spin waves in
parent antiferromagnetic (AFM) compounds measured by neutron scattering; (2) two-
magnon Raman scattering from the AFM compound; (3) Optical conductivity 400
cm”{-1} mode from the underdoped region; (4) ARPES superconducting coherence
peak near the antinodal response; (5) ARPES energy gap at different regions of the
Fermi arc; (6) neutron spin resonance mode; (7) Raman Alg response corresponding to
the neutron resonance mode; (8) Optical conductivity (missing) Drude response; (9)
MuSR superfluid density, and (10) Plasma edge of optical conductivity. In this talk, I
would like to discuss the intertwined relationship among these "modes", how their
energies, intensities and temperature dependences are related, quantum number of
excitations, and which excitations can possibly control the superconducting Tc. We
examine a hypothesis that the magnetic resonance mode energy controls Tc, similarly
to Roton energy controls the \lambda point transition temperature of superfluid 4He,
i.e., a view which I presented in 2004. We also consider how the laser excitation in
Cavalleri's experiments can influence such excitations.
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Superconductivity under Combined Extremes of High Magnetic
Field and Megabar Pressure
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Multiple classes of new materials exhibiting desired functionalities can benefit from
the combination of extreme pressures and high magnetic fields. The advances in high
pressure and high field experimental techniques enabled a host of thermodynamic and
transport measurements that were not thought possible or compatible with a pulsed
magnetic field environment. We employ high magnetic fields to induce phase transition
from superconducting state in high-Tc hydrides to determine the key superconducting
parameters and elucidate the details of superconducting coupling. We controllably tune
and probe several hydride high-temperature superconductor families, including sulfur
hydrides and rare earth “superhydrides” with Tc as high as 250 K at the combined
extremes of megabar pressure and 65 Tesla high magnetic fields.
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Superconducting circuits (SCs) are quantum devices that mimic the behavior of atomic
systems even though they are made up of macroscopic microwave circuit elements.
Their tunability, high coherence, and strong coupling has led to their rapid
development as a leading implementation of quantum hardware. Traditional SCs are
made using known superconductors such as aluminium or niobium, but the integration
of novel superconductors as part of the circuit can lead to new scientific insights and
new capabilities. Such hybrid circuits are ideal sensors, capable of measuring the
superconducting gap structures of novel materials using micron-sized samples, which
is especially useful for interface superconductors [1] or van-der-Waals flakes [2] which
cannot be probed with bulk techniques. Furthermore, the unique quantum properties of
unconventional superconductors can be utilized to make a new class of quantum
devices [3]. This talk will present recent results where we explore van-der-Waals
cuprate superconductors with hybrid circuits, and a path towards utilizing them in new
hybrid devices for quantum technology.
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Nanostructures made of topological insulators such as Bi,Te; [1] pore arrays and
Sb,Te; nanowires show promising properties such as localized surface transport and
strong anisotropic transport behavior. Even in simple Sb,Te; thin films [2], the
electrical conductivity is increased compared to bulk materials due to the presence of
an additional transport channel.

In this presentation, atomic layer deposition (ALD) is introduced for the growth of
layered materials based on semimetals and topological insulators [2-5]. ALD is based
on the surface-limited reaction of two chemical precursors from the gas phase.
Recently, we have succeeded in producing highly textured bi-layers [3] with a (001)
orientation of elemental bismuth at low temperatures (80 to 100 C). Furthermore, the
attempts to create multilayers [4,5] and layers of artificial misfit layer compounds
based on ALD synthesis are presented. Compared to conventional thin films, the
multilayer systems exhibited a significantly higher crystal texture and charge carrier
mobility.
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exotic superconductivity in kagome metals and bilayer nickelate
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Exotic unconventional quantum phases have been discovered in various strongly
correlated metals. In Fe-based superconductors, the nematic orbital order and/or bond-
order without magnetization appears. In kagome metal AV;Sbs (A = Cs, Rb, K), star-
of-Daiv bond-order and the time-symmetry-breaking loop-current order give rise to
exotic chiral electronic states. In bilayer nickelates Las;Ni,O;, the double-stripe-type
charge-denisity-wave (CDW) and spin-density-wave (SDW) coexist near the high-Tc
superconducting phase. To understnd these unconventional quantum phases, beyond-
mean-field many-body effects, called vertex corrections, must be considered [1]. This
idea has been verified by the functional-renormalization-group theory [1]. Based on
this idea, we performed the following theoretical studies:

We discuss the mechanism of the cascade quantum phase transitions in kagome metals.
Both the chiral loop-current order and the superconductivity originate from the
quantum fluctuations of the star-of-David bond-order [2,3,4]. The loop-current order
triggers the nonreciprocal transport effect called the electronic magneto-chiral
anisotropy (eMChA) [5] and the chiral quasiparticle-interference (chiral-QPI) derived
from the STM measurements [6]. Importantly, both eMChA and chiral-QPI are
sensitively switched by the small magnetic field B,, providing decisive evidence for the
chiral loop-current order.

We also discuss the electronic states of bilayer nickelates based on the beyond-mean-
field theory [7]. We find that (i) the CDW+SDW coexisting state is naturally explained
by considering the vertex corrections. In addition, (ii) the CDW+SDW fluctuations
cooperatively drive (s-wave or d-wave) high-T. superconductivity. In this mechanism,
(iii) the CDW instability is highly sensitive to the size of the z*-orbital hole pocket,
allowing for the realization of CDW quantum criticality through carrier-doping,
pressure application, or film thinning.
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Anisotropic 2-D magnetism of Van der Waals compounds
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Layered van der Waals (vdW) magnetic compounds attract currently large attention as
they may display an intrinsically low-dimensional magnetic behavior and serve as a
natural platform for exploring fundamental magnetic properties of correlated two-
dimensional (2D) electron systems [1-4]. Electron spin resonance (ESR) spectroscopy
is an established powerful tool to probe spin-spin correlations, spin dynamics and
magnetic anisotropy. In this talk, we will overview several examples of the tuning of
magnetic properties and in particular the intrinsic magnetic anisotropy of the vdW
materials by hydrostatic pressure, magnetic field, or temperature, as seen from the ESR
perspective:

1.

Cr:Ge,Tes is a quasi-2D magnet showing intrinsic ferromagnetism down to
atomically thin films [1]. ESR results provide detailed insights into the
magnetocrystalline anisotropy of this compound responsible for the stabilization of
magnetic order in the 2D limit [5]. Furthermore, ESR experiments under pressure
up to 2.4 GPa disclose a strong pressure dependence of the anisotropy that
eventually turns Cr,Ge,Tes to the isotropic limit [6].

2. MnyP,Ss is a vdW antiferromagnet featuring the biaxial magnetic anisotropy of the
easy-axis XXZ type. The ESR results reveal a spectrum of low-energy excitations
characteristic of the respective type of anisotropy which however drastically
changes above a certain threshold field turning Mn,P,Se to the XY magnet [7].

3. FesGeTe, is a metallic ferromagnet which shows a puzzling effect of the
temperature-driven spin reorientation transition accompanied by changes in the
transport properties [8]. ESR measurements solved this puzzle by revealing an
unusually strong temperature dependence of the intrinsic magnetic anisotropy
competing with the extrinsic shape anisotropy of the plate-like crystal. A
comparison of the ESR results with transport data suggests an inherent coupling
between magnetic and electronic degrees of freedom in FesGeTe; [9].
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Quantum-oscillation measurements on superconductors
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Quantum-oscillation measurements are a classic but powerful tool to investigate the
Fermi surface [1]. Besides, one can also determine the effective mass and relaxation
time of carriers. The effective mass determined via quantum-oscillation measurements
incorporates many-body effects, i.e., electron-electron and electron-phono interactions.
Thus quantum-oscillation measurements provide a way to study many-body
interactions operating in superconductors. In addition, in some superconductors,
quantum oscillation can be observed in the superconducting state where the Fermi
surface is usually gapped. This provides another way to study superconductors via
quantum-oscillation measurements.

So far, we have performed quantum-oscillation measurements on various
superconductors including iron-based [2], rattling-induced [3], noncentrosymmetric
[4], and borocarbide superconductors [5]. In this talk, I will review some of results
concerning many-body effects in those superconductors.
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STM study of heavily hole doped iron-arsenide superconductors
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The study of iron-arsenide superconductor Ba,.K.Fe,As, has re-ignited considerable
interest following the recent observations of superconductivity with spontaneously
broken time-reversal symmetry [1], formation of superconducting vortices with
fractional flux quantum [2], and fermionic pairing and quadrupling states in this
material [3]. Recent experimental work focus mainly on the bulk properties of this
material, with much less attention paid to its surface(s). Here in this talk, I will report
on our recent scanning tunneling microscopy and spectroscopy findings on the surfaces
of heavily hole doped iron-arsenide superconductor Ba;..K Fe,As;:

On the As- terminated surface of Ba..KFe,As, (x = 0.77), we observe the formation of
a charge density wave order with 2a,,%2a,, spatial periodicity, with clear-cut
evidence(s) comfirming its charge order nature. Results of theoretical calculations
propose that its formation arises from electronic nesting between the saddle-points
located at the mid-way between I'-M when they approach the Fermi level as a result of
surface doping [4].

Using STM to study the vortex properties of the K- terminated surface of multiband
superconductor KFe,As,, we observe splitting of integer-flux vortices into those with
fractionalized conductance at zero energy. Our findings suggest that fractionalization
of quantum vortex cores is possible in a multiband superconductor, and opens avenue
for new experimental platforms with quasiparticles with fractional statistics [5].
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Kitaev spin liquids (KSLs) are an exotic quantum state of matter that could host
elusive Majorana fermions [1]. However, detecting these spin liquids is challenging.
Unlike conventional magnets, they lack magnetic order, making them invisible to
standard scattering techniques. Additionally, Majorana fermions are electrically
neutral, complicating electrical measurements. In our research, we took an alternative
approach: leveraging the fact that Majorana fermions contribute to entropy and that
their excitation spectra vary with the direction of an applied magnetic field. By
measuring how heat capacity changes with the magnetic field angle, we sought to
identify KSL behavior. In the prime candidate material a-RuCls;, we find a distinct
closure of the low-energy bulk gap is observed for the fields in the Ru-Ru bond
direction, and the gap opens rapidly when the field is tilted. This is the hallmark of an
angle rotation—induced topological transition of fermions, providing conclusive
evidence for the KSL with Majorana quasiparticles [2,3]. In contrast, in Na,Co,TeOs,
which was considered a promising 3d KSL candidate due to potentially stronger Kitaev
interactions than the 4d electron systems, the behavior was markedly different; the
field-angular dependence of specific heat shows opposite behavior to the expectation in
the KSL [4]. This finding suggests that Na,Co,TeOs is not a KSL, but exhibits
topological magnon excitations. Our study demonstrates that angular-dependent heat
capacity measurements provide a powerful tool for distinguishing true Kitaev spin
liquids.
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In the Kagome superconductor AV;Sbs, time-reversal symmetry breaking has been
observed through various experiments such as uSR, STM, and NMR [1]. One of the
possible origins for this is the loop current (LC) order (often referred to as iCDW). The
order parameter of LC is described as a symmetry-breaking part of the self-energy of
the electronic system. In Hermitian systems, it can be simply expressed as the pure
imaginary hopping term. The orbital magnetization induced by such LC is expected to
be very small (estimated to be around 107-107 pp at the center of sites in the Kagome
lattice), making direct experimental observation difficult.

One key experiment for indicating the LC is the nonlinear response [2] in 2022. They
measured the 20 component of the voltage V*°, which is proportional to the square of
the electric field E, it was found that p,, «c (1 + y - Bx - J,). Furthermore, it was
discovered that the coefficient y, which was traditionally considered a material-
dependent constant, jumps depending on the B,. Such a jump behavior cannot be
accounted for in the conventional polar-type nonlinear response theory, such as []oc [1
+ y(P x B) - I] (refer to [3] ). In this study [5], we start from the Boltzmann equation
under the LC order and go beyond the conventional approximation by considering
higher-order terms in relaxation-time t[4], developing a theoretical formula for this
jump-type nonlinear response. As a result, we found that the jump term, which could
not be explained by the conventional t* term, can be explained by the t° term.
Furthermore, by applying the obtained formula to a two-orbital 12-site Kagome model
and performing numerical analysis, we found that the dominant component of the
nonlinear conductivity is large at band crossing points, and even larger at points where
the orbital character changes sharply. This behavior can be understood using the
concept of quantum geometry, where the conductivity resonates with the LC gap size.
(The present nonlinear conductivity is considered as "quasi"-quantum geometry, as its
dimension differs by the energy.
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Observation of the Loop Current Wigner Insulator in the
artificial Kagome crystal.
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Using techniques developed in Ref. [1] we have created an artificial Kagome crystal by
superimposing a periodic electrostatic potential on the 2D electron gas in an
ultrashallow (25nm deep) GaAs quantum well. The crystal lattice spacing is 100nm,
the size of the crystal is 3um x 3um. At the half filling of the flat Kagome band we
observe a new kind of correlated insulator. In the experiment that is observed as a huge
spike in resistivity. The half filling of the flat band corresponds to the 1/3 filling of the
Kagome lattice sites; hence it is not a Mott insulator. Response of the insulator to the
in-plane and out-of-plane magnetic field demonstrates that this is a new kind of
correlated quantum insulator, the Loop Current Wigner Insulator. The state carries
antiferromagnetically ordered loop currents on Kagome triangles. The Ising magnetic
moment of the loop current is about 10ug. Analysing the data we show that the stability
of the new state is provided by the interplay between the hopping matrix element, the
on-site Hubbard repulsion, and the long-range Coulomb repulsion. The latter is
crucially important for stability of the Wigner crystal. We also show that while the
orbital magnetic moments are ordered antiferromagnetically the spins are ordered
ferromagnetically.
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Phonon promoted charge density wave in topological kagome
metal ScV¢Sng
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Charge density wave (CDW) orders in vanadium-based kagome metals have recently
received tremendous attention, yet their origin remains a topic of debate. The discovery

of ScVeSne, a bilayer kagome metal featuring an intriguing J3x/3x3 cDW order,
offers a novel platform to explore the underlying mechanism behind the
unconventional CDW. Here, we combine multiple spectroscopic methods and density
functional theory to investigate the electronic structure and phonon modes of ScV sSns.
We identify topologically nontrivial surface states and multiple van Hove singularities
(VHSs) in the vicinity of the Fermi level, with one VHS aligning with the in-plane
component of the CDW vector near the K point. Additionally, Raman measurements
indicate a strong electron-phonon coupling, as evidenced by a two-phonon mode and
new emergent modes. Our findings highlight the fundamental role of lattice degrees of
freedom in promoting the CDW in ScVSn.
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We unveil signatures of multipolar current phases in layered perovskite Sr,RuO, and
kagome CsTi;Bis [1,2]. This is done using circularly polarized, spin-selective, angular-
resolved photoelectron spectroscopy, which shows intriguing asymmetry between spin-
up and spin-down signals. In both cases a multipolar, spin-orbital current phases are
postulated to account for this effect as more conventional types of order must be
excluded as incoherent with experiments. In both cases we develop description of the
spin-dichroic signal by means of a tight-binding model with a special form of a time-
reversal symmetry.
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Emergent nonlinear optical responses in symmetry-controlled
two-dimensional van der Waals magnets
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In atomically thin two-dimensional materials and their van der Waals interfaces,
emergent symmetry breaking which is absent in the original crystals can appear,
leading to the exotic transport/optical properties. In this presentation, I will introduce
novel nonlinear optical responses originating from such symmetry breaking in two-
dimensional van deer Waals magnets.

In exfoliated samples of van der Waals multiferroics, second harmonic generation
(SHG) reflecting the structural/magnetic transitions have been successfully observed
[1]. Moreover, SHG shows the giant enhancement under the magnetic field, which
can be explained by the magnetic-field-induced electric polarization (i.e.,
magnetoelectric effect). Thickness-dependent symmetry and resultant modulation of
the magnetoelectric effect will be discussed. I will also focus on our recent
observation of the emergent SHG in symmetry-controlled van der Waals
heterointerface [2], where spin-induced electric polarization and toroidal moment
will play a role.
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The interplay between charge, spin, and orbital degrees of freedom at oxide interfaces
gives rise to emergent electronic and magnetic states, offering pathways to novel
functionalities in spintronic and electronic devices. In this talk, I will present a
comprehensive investigation of the electronic and magnetic structures at buried
interfaces in  LaNiOs/CaMnQ;, CaMnOs/CaRuOs;, and VO,/LaAlO:/TiO,
heterostructures using a suite of bulk-sensitive synchrotron-based techniques, including
hard x-ray photoelectron spectroscopy (HAXPES), polarization-dependent x-ray
absorption spectroscopy (XAS), and resonant magnetic reflectivity. Our studies reveal
that interfacial ferromagnetism can be stabilized in nonferromagnetic systems through
precise interface engineering and thickness control, as demonstrated in
LaNiOs/CaMnO; and CaMnOs/CaRuOs superlattices. In LaNiO;/CaMnOs, we establish
a direct correlation between the depletion of Ni 3d e, states and the suppression of
interfacial ferromagnetism on Mn sites in CaMnOs; [1]. In CaMnOs/CaRuQOs, we show
that defect chemistry, particularly the presence of oxygen vacancies, can play a crucial
role in modifying the magnetic moments at the interface [2]. Finally, we show that
interfacial charge transfer in VO,/LaAlOs/TiO, enables modulation of the VO, metal-
insulator transition temperature over a range of 65 K without doping or strain [3].
Beyond static control, these interfacial phenomena open opportunities for ultrafast
manipulation of electronic and magnetic states using intense THz electric-field pulses
[4]. These findings underscore the power of combining bulk-sensitive x-ray techniques
to probe and manipulate interfacial phenomena, offering insights into the design of
tunable correlated oxide interfaces for future electronic and spintronic applications.
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quantum wells grown by quantum materials design shed light
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Recently investigations of Artificial High-Tc Superconductors (AHTS) designed
through quantum materials engineering based on the advanced formulation of the
Bianconi-Perali-Valletta (BPV) theory for superlattices of quantum wells including
spin—orbit coupling (SOC) [1-3] shed light on the high Tc mechanism in strongly
correlated perovskite systems. These nanoscale heterostructures consist of superlattices
of quantum wells with period 2.64<d<5.28 nm, formed by alternating layers of the
Mott insulator La:CuQOas (LCO) of thickness L and metallic overdoped Lai.ssSto.asCuQO4
(LSCO) of thickness W. The ratio L/d quantitatively represents the fraction of Mott-
insulating material within the heterostructure. This artificial heterostructure at atomic
limit can be viewed as an engineered realization of the proposed chemical layered
phase separation [4] for natural La, Sr,CuOQs, with x=0.45(1—L/d). The internal
interface potential gradients generate strong local electric fields, in the space charge
transfered into the Mott insulator LCO layers. This strongly correlated space charge
becomes quantum-confined, in potential wells of thickness L forming a quasi-2D clean
doped Mott insulators with SOC. Quantum tunnelling and quantum size effects due to
quantum confinement in the c-axis direction generates quantum n minibands with band
edges at k,=n n/d. The superconducting critical temperature T, is enhanced by Fano-
Feshbach resonances in the pair exchange channel, when one of multiple Fermi
surfaces is tuned near a Lifshitz transition from donuts to corrugated cylinders
corresponding to a neck opening.[5].

Here we report transport experiments on many AHTS samples which have validated
the predictions of the BPV theory used for materials design [6]. The AHTS
heterostructures display a superconducting dome [6] governed by the geometric ratio
L/d, which links the LCO layer thickness and the overall superlattice periodicity with
maximum T, near the “magic” ratio L/d~2/3, corresponding to the optimal doping
level x=0.15in natural cuprates [6]. This lattice geometry according with BPV theory
including SOC, tunes the multigap electronic structure close to a quantum shape
resonance between condensates with distinct gaps and Fermi velocities in the
minibands. Experimental validation of predicted multigap superconductivity with
different Fermi velocities has been provided by the anomalous temperature dependence

44



"Superstripes 2025 & Quantum Complex Matter"
Erice (Sicily) Italy, October 11-17, 2025

of the upper critical field and the coherence length measured with high magnetic fields
[7]. Finally we show that in the normal phase resistivity of AHTS above Tc and below
Tc (suppressing superconductivity by high magnetic field) in the underdoped phase the
generalized Kondo-Costi mechanism competes with T-linear resistivity which is
dominant at the magic ratio L/d=2/3 [8]. Remarkably, analogous multigap behavior
occurs in cuprate perovskites with multiple CuO, layers grown at high pressure, such
as heavily overdoped CuBa:CasCusO10+:6, where the lattice quantum geometry dictates
superconductivity [9].
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Jonathan Pelliciari'
'Brookhaven National Laboratory, Upton, New York, USA

Email: pelliciari@bnl.gov

Collaborators: C. Mazzoli, A. Bianconi, G. Campi, J. Tranquada, Y. Cao, S. Fan, T.
Kim, G. Logdenov, F. Walker, C. Ahn, V. Bisogni

The field of high temperature superconductivity is evolving continuously. Latest
advances in thin film synthesis brough us new capabilities to prepare materials. In this
regard, the discovery of superconductivity in infinite layer nickelates'* and in artificial
cuprates®* offers the opportunity to explore new paradigm and further test our current
understanding of superconductivity.

In this seminar I will present our latest results in the investigation of elementary
excitations in superconducting materials, starting from the newly discovered Nd;.
«EuxNiO, and moving into the artificial superconductor composed by parent La,CuO4
and overdoped La,.Sr,CuO, (LCO-LSCO), which display Tc higher than the single
components.” I will highlight how Resonant X-ray Scattering techniques (both elastic
REXS, and inelastic RIXS) are perfectly suited to study the electronic excitations —
spin, charge, orbital — in these novel superconductors. In the infinite layer nickelates
we observed how the spin excitations are tunable by strain, and how doping affects
their dispersion, ultimately proving that the bivalency of europium (2+ and 3+) is an
effective way to dope these systems while preserving their high crystalline quality. In
the artificial LCO-LSCO superconductors, I will show how the spin excitations, their
energy, and dispersion evolve versus Tc which is determined by the relative thickness
of the elementary components. Interestingly there is a strong dichotomy between the
structural correlations and the excitations observed in scattering, the former showing a
structural re-arrangement on a short scale not reflected in the electronic excitations.
These facts show how the spectroscopic behavior of electrons tends to be relatively
homogeneous along sharp interfaces, despite their roughness and discontinuity.
Finally, I will try to generalize common trends between the excitations in these
systems and the relevant tuning parameters such as doping and artificial architecture
(thickness of the respective components).
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Resolving length scale dependent transient disorder through an
ultrafast transition
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The development of materials with specialized and highly efficient properties
increasingly relies on complex local structures that stray from the ideal of a perfect
crystal. Advancements in electronics technology drive a need for materials that switch
between distinct states: either electrical (e.g., memristors, ferroelectrics), magnetic
(e.g., ferromagnets, antiferromagnets) or structural (e.g., charge density wave states). A
key example is the metal-insulator transition. It is well established that local structure
plays a central role in many equilibrium phase transitions driven by the competition of
energy and entropy. Some non-equilibrium phase transitions can be triggered on
demand using ultrafast laser pulses. Local structure has also been implicated in these
transitions, but this is less understood due to a lack of appropriate means to quantify
length scale dependent local disorder in these ultra-fast transient states.

The pair distribution function method has propelled structural studies beyond idealized
crystal models, enabling atomic structure studies of quantum materials over varying
length scales. It has indeed been instrumental in revealing concealed from detection
nanoscale behaviors that have been increasingly frequently critical for comprehensive
understanding of establishment of quantum phases. Applying this method with ultrafast
time resolution has the potential to similarly disrupt the study of structural dynamics
and phase transitions. Here, we demonstrate such a measurement of Culr,Ss, an
archetypal spin singlet dimer system exhibiting orbitally driven Peierls transition in
equilibrium [1], optically pumped from its low temperature Ir-dimerized phase. Dimers
are optically removed without spatial correlation, generating a structure whose level of
disorder depends strongly on length scale. The re-development of structural ordering
over tens of picoseconds is directly tracked over both space and time as a transient
state is approached. This measurement demonstrates both the crucial role of local
structure and disorder in non-equilibrium processes and the feasibility of accessing this
information in quantum materials with state-of-the-art XFEL facilities [2].
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Rectification of electronic noise in heterostructures from
manganites with charge/orbital order and cuprate high-T.
superconductors
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Fribourg, Switzerland

Email: Christian.Bernhard@unifr.ch

I  will show that metallic contacts place on YBa,Cu;O,(YBCO)/
Ndo.65(Cao7S103)03sMnO3(NCSMO) multilayers exhibit a large spontaneous voltage
(SpV) signal that is caused by electronic noise rectification and can be used to drive a
persistent current across an external circuit [1]. The underlying ratchet-type electronic
potential seems to originate from the complex domain state of the NCSMO layers with
various nearly degenerate and competing electronic and magnetic orders. In particular,
the competition between a ferromagnetic (FM) minority phase and a charge/orbital
ordered majority phase with polar moments and charged domain walls appears to be
crucial. A major role is also played by the thin YBCO layers that can only partially
screen the electric field that emanates from the NCSMO layers and thus enables an
activated lateral charge transport which is non-reciprocal. These findings highlight that
these cuprate/manganite multilayers can be used for efficient energy harvesting,
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Aftermaths of the first incitement for high temperature
superconductivity
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Six decades ago the crusade was announced in search for a superconductivity, assumed
to be heat-resistant, in organic materials [1,2]. While never reached literarily, this
proposal gave rise to the whole ecosystem of low dimensional electronic systems with
a diverse community of material, experimental and theoretical activities. We shall
remind [3] some key steps of this history, review its main branches and concentrate on
the consequences which are still on agenda today. Particularly we shall focus upon a
phenomenon of the electronic ferroelectricity [4], which roots can be found in the
suggestion [1,2] of a would-be-superconducting polymer.
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Single-hole strongly correlated multiband p-orbital molecular
systems
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Transition-metal oxides and pnictides epitomize multi-band metals defined by strong
correlations and ferromagnetic Hund’s coupling and host remarkably diverse electronic
phenomena. Fullerides are their p-electron analogues with electronically active triply
degenerate t;, orbitals but in a completely different energy range of effective
antiferromagnetic Hund’s coupling interactions. Here we report a comprehensive study
of a member of the fulleride family, Yb,CCeo, which crystalizes with an orthorhombic
unit cell. Structural and local-probe spectroscopic experimental methods reveal the
presence of a robust Yb*" oxidation state and a pentavalent (Ce) * ion. The latter,
which can be regarded as a single-hole doped case (n = 5) of correlated tlu-derived
bands, gives a metallic state with a small density of states. Although away from half
filling (n = 3) of the conduction band, a diminishing influence of the the effective
Hund’s exchange is expected, the partial crystal-field lifting of the degeneracy of t,
derived bands suggests that its effects may still survive and together with the on-site
correlations and the nearest-neighboring hopping define intricate ground states in this
part of the fulleride phase diagram.
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Electronic inhomogeneity and polaron formation in Eu-based
compounds
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Electronic inhomogeneity often gives rise to interesting phenomena which are of great
potential for applications. One such phenomenon is colossal magnetoresistance
(CMR) which, in many cases, is related to polaron formation, i.e. the formation of
ferromagnetically (fm) ordered clusters. Recently, a number of Eu-based compounds
was shown to exhibit CMR effects. However, in contrast to the well-known ferro-
magnetic manganites or EuBs, many of these materials order antiferromagnetically
(afm) which poses some important questions to the magnetic polaron scenario [1].
Here, we critically compare the evidence for polaron formation in a number of Eu-
based materials. Eu’' is of particular interest because its half-filled 4f shell often
provides the exchange interaction required for polaron formation. The electronic
inhomogeneity related to the polaron formation can be directly visualized by Scanning
Tunneling Spectroscopy (STS) [2] provided that the material under consideration can
be cleaved successfully [3,4]. In addition, magnetic, electronic transport and thermal
expansion/magnetostriction measurements can also provide compelling evidence for
the existence of magnetic polarons [5,6]. One particularly effective method in this
respect is fluctuation spectroscopy [7]. We also show how fmm polarons can be
stabilized in an afim material upon lowering the temperature and/or increasing an
applied magnetic field [1,6].
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Superconducting states and magneto-thermal switching in
phase-separated and pure superconducting materials

Y oshikazu Mizuguchi'
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Tokyo, Japan

Email: mizugu@tmu.ac.jp

Magneto-thermal transport of superconducting materials have been widely studied for
elucidation of superconducting pairing mechanisms [1] and for engineering purpose as
magneto-thermal switching (MTS) [2]. In this presentation, we summarize our recent
studies on nonvolatile MTS using phase-separated superconducting materials [3,4]. In
phase-separated superconductors, magnetic fluxes are trapped in islands of a lower-T.
superconducting phase. Using large change in electronic thermal conductivity, MTS
can be observed in superconductors, and nonvolatility is achieved by trapped fluxes
that suppresses bulkiness of superconductivity in the lower-T7, islands. Recently, we
observed anomalous self-heating phenomena in field-cooled superconducting states in
those phase-separated superconductors [5]. Furthermore, using scanning SQUID
microscope experiments, quantized vortices were observed in field-cooled Sn-Pb
solders [6]. We will show details of superconducting states and magneto-thermal
transport of phase-separated and pure superconducting materials.
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Magnetic and non-magnetic substitutions in MgB, single
crystals and in iron-based high-7. superconductors

Roman Puzniak
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The variation of the critical temperature 7. in Mg,..Fe.B, crystals was found to be
different from that observed in polycrystalline samples. For a small Fe doping, up to x
< 0.03, the behavior of 7¢(x) is similar to that for the crystals with Al and C
substitutions. In this doping range, measurements of the temperature-dependent
magnetization performed in high magnetic fields exclude spin states other than S =0
for the Fe ions. However, for x > 0.03, certain crystals start to show a dramatic
decrease in 7.. The M—H dependence for these crystals indicates a significant increase
in magnetization as the magnetic field increases at low field strengths, suggesting weak
ferromagnetism [1]. It was concluded that superconductivity in MgB, is destroyed by
magnetic substitutions. The situation is different from that one in iron-based high-7.
superconductors. Resistivity results confirmed that the inhomogeneous spatial
distribution of ions and presence of a small hexagonal-like phase in chalcogenides
enhance the superconductivity of this system. For FeggsNigoo7T€0s65€034, the x-ray
diffraction studies have revealed a degradation of crystal quality under applied elevated
pressure. Superconducting state properties of single-phase FegooTeo66S€034 crystal were
found to be poorer, at both ambient and hydrostatic pressure, than those observed for
FeTeosSeos crystals exhibiting pronounced nanoscale phase separation. Comprehensive
studies confirmed that enhancement of superconductivity under pressure correlates
with the appearance of mosaicity, focusing on the impact of pressure on crystal
structure and on superconducting state properties [2]. It was shown that thermal
diffusion of hydrogen into the crystals causes significant structural changes, leads to
degeneration of crystal quality, and significantly alters superconducting properties [3].
After hydrogenation, a strong correlation was noticed between the structural changes
and changes in the parameters characterizing the superconducting state.
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Understanding the nonlinear optical response of disordered
superconductors: The role of the Eliashberg effect
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In recent years, the search for the amplitude mode of superconductors using nonlinear
optical spectroscopy has gained considerable interest. While THz nonlinear responses
in a conventional superconductor NbN, have been initially interpreted as the excitation
of an amplitude mode it is now agreed that also quasiparticle excitations can contribute
significantly to the THZ signal. In fact, we have previously shown [1] that already at
small disorder the quasiparticle response is dominated by paramagnetic effects and that
these paramagnetic processes mediate also the response of all collective modes. More
recently, using two-dimensional coherent spectroscopy in NbN, a substantial nonlinear
first harmonic response has been detected [2] when the driving frequency matches
twice the superconducting gap. Here we show that this strong feature is indeed related
to quasiparticle excitations, however, its intensity is strongly enhanced by coupling to
static amplitude correlations pointing to the importance of the Eliashberg effect.
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Probing and Manipulating Chiral Electronic States in 1T-TiSe:
with Resonant and Time-Resolved X-ray Scattering
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Chiral phases of matter, characterized by definite handedness, are ubiquitous in nature,
from the crystal structure of quartz to spiraling spin states in helical magnets. In 1T-
TiSe2, a novel form of chirality has been proposed, arising from intertwined electronic
charge and orbital fluctuations, distinct from structural or magnetic origins. Employing
resonant elastic X-ray scattering, we reveal bulk chiral electronic order in 1T-TiSe:
through the observation of circular dichroism at forbidden Bragg peaks associated with
the charge and orbital ordering transition [1]. The dichroism, exhibiting up to ~40%
variation with energy and azimuthal angle, directly traces its origin to electronic
chirality, establishing resonant scattering as a powerful probe for chiral order.

Furthermore, exploring photoinduced dynamics of these chiral states uncovers
opportunities for optical manipulation of condensed matter systems. Using time-
resolved X-ray diffraction (tr-XRD) with circularly polarized laser pumps, we observe
a ~20% asymmetry in charge density wave (CDW) suppression between left- and
right-circularly polarized pumps [2]. Momentum-resolved circular dichroism reveals
domain-dependent chirality, linking CDW and chiral order. Remarkably, the pump
induces an immediate increase in CDW correlation length, indicating photoenhanced
expansion of chiral domains. These findings pave the way for controlling chirality in
quantum materials and highlight the utility of tr-XRD in investigating light-driven
chiral phenomena.
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Recent advances in the optical control of superconductivity
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Tailored optical excitation in some high-Tc¢ cuprates and organic superconductors has
been shown to induce superconducting-like coherence at temperatures far above Tc, as
evidenced by the terahertz-frequency optical properties in the nonequilibrium state [1-
3]. In YBa,Cu;0s: (YBCO), this phenomenon was initially attributed to the nonlinear
excitation of certain lattice modes in the mid infrared and the creation of new crystal
structures [4]. More recent work, however, has associated this response to a parametric
excitation and amplification of Josephson plasma polaritons, which are overdamped
above Tc but are made coherent by the phonon drive [5].

Here, we discuss the most recent advances in the optical control of superconductivity,
with special focus on YBCO. First, we show how progressively longer mid-infrared
driving pulses allow the transient response to be extended over longer time scales, thus
overcoming some ambiguities in the low-frequency optical properties [6]. In addition,
we report on a recent study of the time-dependent magnetic field surrounding optically-
driven YBCO, measured by Faraday rotation in a magneto-optic material placed in the
vicinity of the sample [7]. For a constant applied magnetic field and under the same
driving conditions that result in superconducting-like optical properties, a transient
diamagnetic signal is observed. This response is comparable in size with the Meissner
effect found in a type-II superconductor at equilibrium.
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Probing Driven Materials with Ultrafast Proximate
Magnetometry at the Sub-Picosecond and Nanometer Frontiers
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Periodic driving has emerged as a new avenue to control material properties on
demand and on ultrafast time scales, even allowing for the creation of quantum states
with no static counterpart. A particular experimental challenge for this direction of
research arises because of the fact that many of the standard observable used in
materials science do not feature the (sub)picosecond time resolution which is required -
for reasons both technical and fundamental - for the study of such strongly driven
materials.

I will introduce a method to perform ultrafast proximate magnetometry. This approach
is based on using magneto-optic sensing [1] in a weakly diamagnetic material with a
large Faraday effect and a fast magnetic response time in the vicinity of the sample of
interest. The polarization rotation of an ultrashort laser pulse hence gives access to the
time- and spatially resolved stray magnetic field.

A first achievement of ultrafast proximate magnetometry was to show the ultrafast
expulsion of static magnetic flux from YBa,Cus;Og4s [2] when the cuprate was driven
with a phonon-resonant light pulse — a condition in which the material had previously
shown a superconducting-like THz conductivity [3,4] — and giving an upper limit for
this effect in the organic superconductor K;Cq [5].

This extension of an unbiased magnetic susceptibility probe to the sub-picosecond
regime can be taken even further: One the one hand, it is not limited to static applied
fields. Indeed, it can be used to study the response of a material (driven or not) to a
magnetic field that varies rapidly in time.

I will present a scheme that allows for the creation of magnetic field steps with a time
constant of ~1ps, which can be kept at a high (or low) level for an arbitrarily long time.
[6] This enables all-optical AC magnetometry that extends from the low-frequency
limit up to almost 1THz, giving access to a broad range of magnonic modes, as
demonstrated by probing the ferrimagnet Lu; «BicFes Ga,O1, . Through the creation of
eddy currents, it also allows for contactless phase-sensitive conductivity measurements
in the same frequency range, giving direct access to the carrier scattering time in some
regimes.

On the other hand, beyond probing the bulk properties of a driven sample, spatially
resolved measurements also become possible. Here I will present the implementation
of a wide-field imaging scheme with a low micrometer-scale spatial resolution. Going
even further, achieving simultaneous picosecond time-resolution and nanometer spatial
resolution could be enabled by using nitrogen-vacancy centers in diamond. These
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systems, which provide excellent field resolution despite their nanometric size, are
normally limited in speed by the ~3GHz resonance employed for performing qubit
gates. We show that modern THz technology could enable a 1000x speedup for this
process, hence bringing the time-resolution into the picosecond regime.

Performing spatially-resolved ultrafast magnetometry is of particular interest in the
context of superconductivity: Here, creating simply connected topologies leads to the
quantization of the magnetic fluxoid. However, little is know about the time-dynamics
of the process of quantization, which is linked to the establishment of a well-defined
superfluid phase across a defect, and may hence be drastically different from the time-
scale for pair creation. Using time-resolved optical magnetometry on microstructured
superconducting thin-films now allows for studying this process directly.
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Uranium-based materials have once again gained significant interest within the
condensed matter community. Their small energy scales present an excellent
opportunity to explore the effects of pressure and strain on the exotic magnetism and
superconductivity these systems often exhibit. Our previous investigations into the
chemical parameters governing superconductivity’™ and magnetism*® in actinides
demonstrate that these materials are remarkably tunable — sometimes by simply adding
or removing a handful of atoms per unit cell, as illustrated in Figure 1. These
crystallographic defects likely act as local pressure or strain centers, dramatically
altering superconductivity of these compounds. As a result, we can stipulate the effect
of hydrostatic or uniaxial pressure and examine how superconducting properties can be
changed to reveal emergent phenomena.

In many cases, the structure-property relations of uranium-based materials are fairly
hard to understand from theoretical point of view, making experimental investigations
the only way to examine and therefore understand these peculiar systems.
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Fig. 1: Uranium-based materials that show unconventional superconductivity are highly
susceptible to defects (left, red symbols). Defects on the order of few atoms per unit cell create
local stress which destroys superconductivity (top, right).
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Theoretical and computational overview of high T,
superconductivity in nickelates
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The discovery of superconductivity in the infinite layer nickelates started a novel field
within unconventional superconductivity, providing also the opportunity to understand
the differences and similarities with the cuprates [1]. In addition, the recent observation
of pressure-induced superconductivity at 80K in the bilayer La;Ni,O; (LNO), as well
as in the trilayer LaiNi;O,, different from the previously studied infinite layer
nickelates, has unveiled a vast and exciting window into high-7c¢ superconductivity
where now the Ni orbital degrees of freedom play a key role.

We investigated theoretically the whole family of bilayer 327-type nickelates R3Ni,O;
(R = rare-earth elements from La to Lu) [2,3,5,6,9], as well as the non-superconducting
bilayer La;Ni,Og [4], and the trilayer LasNi;Oyo [7], all under pressure, and we also
studied the hybrid stacking nickelate superlattice La;NisO,; [8]. Initial studies using
density functional theory (DFT) allowed to identify a structural phase transition that
occurs under pressure [2] and the relevance of two active orbitals, ds,»+» and dy y», near
the Fermi energy, instead of just one active orbital as in the cuprates. This allowed us
to construct a two-orbital model Hamiltonian with Hubbard and Hund interactions, and
crystal field, whose parameters and geometry were adapted to each of the investigated
materials [2-9] and studied using primarily the random phase approximation (RPA) to
incorporate electronic correlations. Some results were also obtained with the density
matrix renormalization group (DMRG)[9]. Our primary RPA result is that the s+-wave
pairing tendency, similar to that of Fe-based superconductors, dominates the multilayer
structures, due to the nesting between the M = (n,m) and the X = (n, 0) and Y = (0, n)
points in the Brillouin zone [4]. The nesting is associated to magnetic tendencies that
were observed in our calculations and indeed the lack of nesting and pockets around M
= (m,m) in La;Ni,Os may explain the absence of superconductivity in this material [3].
Results on the magnetic effects of doping will be discussed as well [9].
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Role of Correlations in Ruddlesden-Popper bilayer nickelates
under compressive strain
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The recent discovery of superconductivity in thin films of the bilayer
RuddlesdenPopper (RP) nickelate, La327, under compressive strain has generated
enormous interest, opening up a wide avenue of theoretical and experimental research.
This provides further opportunities to stabilize superconductivity in this class of
materials at ambient pressure. To better understand the many-body normal state from
which superconductivity arises, it is important to ascertain the nature and role of
correlations in its electronic structure. To provide insights into this question, we use a
fully charge self-consistent DFT+DMFT (eDMFT) approach to study La327 at several
compressive strain levels. At the strain where superconductivity has been observed
experimentally (-2%), in contrast with DFT and DFT+U results, the so-called gamma
pocket emerges and the associated band, of mostly dz® character, crosses the Fermi
level exhibiting ‘flat band”-like features when dynamical correlations are included.
Larger strain levels suppress this pocket, which may have implications for
superconductivity or its pairing symmetry. Our results are consistent with recent
ARPES experiments.
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Layer buckling and absence of superconductivity in LaNiO;
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The recent observation of unconventional superconductivity in thin films of LaNiO2
(critical temperature, Tc ~ 10 K) and in bulk single crystals of La3Ni207 (327) under
pressure (Tc ~ 80 K), has brought to light a long sought-after class of superconducting
nickelates. Through structural measurements in the 327-system, it was shown that the
absence of superconductivity is related to bending of the O-Ni-O bonds. Similarly, the
bond bending may be linked to the absence of superconductivity in bulk LaNiO2.
Neutron diffraction was used on bulk non-superconducting Lal-xSrxNiO2 samples to
show that the layers are naturally buckled, creating a Ni-O-Ni bond angle of 177° at 2
K and ambient pressure. The buckling angle decreases to 1700 on warming to room
temperature. Furthermore, a broad paramagnetic continuum is observed that decreases
in intensity on cooling from room temperature signaling a possible transition to a
coherent state. However, no antiferromagnetic (AFM) peaks are detected, although
enhancement of ferromagnetic (FM) correlations cannot be excluded. From ab initio
calculations of the electronic structure we find that the electronic bands are largely
unaffected by the buckling, but uniaxial compression along the ¢ axis may lead to a
Lifshitz transition.
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We propose a microscopic model [1] for the high-temperature superconductivity
observed in bilayer nickelates at ambient pressure [2]. The model reveals a physical
mechanism by which the in-plane compressive strain stabilises the superconductivity
over charge and magnetically ordered states. A general phase behaviour of the model is
discussed.
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Popper phase nickelate superconductors
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The discovery of superconductivity at high pressure in the Ruddlesden-Popper (RP)
nickelate LasNi2Os with a bilayer (BL) structure has drawn significant attention.
However, single crystals of LasNi.O- synthesized via the optical floating-zone method
can exhibit a competing structural phase that spans macroscopic length scales [1].
Instead of a uniform BL stacking, this phase consists of alternating monolayer (ML)
and trilayer (TL) NiOs units along the c-axis, representing a structural configuration
distinct from conventional RP phases with uniform stackings. In this talk, I will present
our comprehensive structural analysis of this ML-TL polymorph using high-resolution
synchrotron x-ray diffraction (XRD) and scanning transmission electron microscopy
(STEM) [1]. Additionally, density functional theory (DFT) calculations reveal how the
ML and TL units modify the electronic band structure, yielding a Fermi surface
topology that deviates from uniform BL and TL nickelates. Our angle-resolved
photoemission spectroscopy (ARPES) measurements on these crystals confirm this
unique electronic structure [2], underscoring the need for further investigations into its
possible role in high-temperature superconductivity.
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Superconductivity in bilayer nickelates: layer selectivity,
impurity effects and magnetic excitations
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Recently discovered high-Tc superconductivity in pressurized bilayer nickelate bulk
crystals La3Ni207 (La-327) and their thin films under compressive strain is believed
to be driven by the non-phononic repulsive interaction. Depending on the strength of
the interlayer repulsion, the symmetry of the superconducting order parameter is
expected to be either d-wave or sign-changing bonding-antibonding s+-wave order
parameter, respectively.

In my presentation I will analyze the peculiar features of the electronic structure of
these systems and the interplay of the 3d,? and 3d,’,” orbitals in the normal and the
superconducting states. Discussing various superconducting states we show that the
bilayer structure of the spin response allows to elucidate the role of the interlayer
interaction and the nature of the Cooper-pairing in a very efficient way. Furthermore,
we study the influence of the point-like non-magnetic impurities on the
superconducting state of La-327 and demonstrate that st-wave and d-wave symmetries
show a very different behavior as a function of impurity concentration, which can be
studied experimentally by irradiating the La-327 samples by electrons prior applying
the pressure. While d—wave superconducting state will be conventionally suppressed,
the s+-wave state shows more subtle behavior, depending on the asymmetry between
bonding and antibonding subspaces. For the electronic structure, predicted to realize in
La-327, the st=—wave state will be robust against complete suppression and the
transition temperature, 7c demonstrates a transition from convex to concave behavior,
indicating a crossover from st-wave to s++-wave symmetry as a function of impurity
concentration. We further analyze the sensitivity of the obtained results with respect to
the potential electronic structure modification.
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Signatures of static vs dynamical distortions as seen by XAS.
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XAFS has been used to study in detail the local atomic structure in metal oxides that
present local distortions.[1] The sensitivity of this technique to the local structure goes
beyond the study of disordered materials, in which there is no long-range order of the
atomic structure. Besides the static local atomic order, the treatment of the atomic
motion in these systems, beyond the harmonic oscillations around the atomic average
positions is relevant. The effect of this atomic motion is not commonly treated in the
analysis of XAFS spectra.[2] Usually the spectra is simulated and fit to extract a radial
distribution function, assuming fixed positions between the absorbing atom and near
neighbor scatterers. Then a gaussian distribution function is used to fit the data. This
approach is not adequate when there is a correlated motion between charge and atomic
displacements, e.g. small polarons. [3] Using a simple model of the axial oxygen-Cu
XAFS spectra we show that the correct approach leads to quantum interference which
is not considered in the usual analysis of XAFS data. This approach illustrates the
sensitivity of XAFS to dynamical distortions. Additionally, this correction to the usual
analysis can explain the discrepancies between XAFS results and other experimental
techniques sensitive to local distortions [4].
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Theoretical predictions for measurable manifestations of the Q-
ball mechanism of superconductivity in the strange metal phase
of high-T. cuprates
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Recently proposed Q-ball quantum mechanism of the pseudogap state and high-T.
superconductivity in cuprates [1,2], was afterwards supported by comparison [3] with
micro X-ray diffraction data in HgBa,CuO.., [4,5]. This work is dedicated to
theoretical predictions for several measurable physical properties of superconducting
cuprates that could serve as specific manifestations of Q-balls existence in the strange
metal phase, that are so far considered as seemingly unrelated with each other. These
features include, but not exhaust: diamagnetism above Tc, ‘hidden’ antiferromagnetic
order, pseudogap and nematicity in electronic properties, anti-nodal and nodal regions
in the Brillouin zone of doped cuprates, as well as T-linear behavior [6] of electrical
resistivity, specific heat maximum close to T*, percolative nature of strange metal to
bulk superconductivity transition, etc. This paper shows how the listed above features
of high-Tc cuprates may arise from the mixed 1%/2™ order Q-ball phase transition [1,2]
that happens at T* due to ‘post-Frohlich’ mechanism of Cooper pairing via exchange
with finite nontopological solitons of spin/charge density fluctuations called Q-balls
[1,2,3,7]. New theoretical approach is used for calculation of the electrical resistivity
due to scattering electrons on the Q-balls ‘gas’.
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Charge and structure fluctuations of the Internal Quantum
Tunneling Polarons across the superconducting transition in
cuprates
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The expectation from BCS theory that the structure and charge distribution would be
only marginally or negligibly different between the normal and superconducting states,
corroborated by, e.g., crystallographic, specific heat, and other measurements, obviated
the impetus to closely examine the transition itself. This bias may explain why the
significant changes observed with EXAFS that probes the dynamic structure and is
therefore sensitive to quantum fluctuations(1, 2) may have been mostly disregarded
despite the evidence it supplies for extreme and unusual charge-lattice coupling
directly associated with HTSC. EXAFS spectra on Sr,CuOs;3 (Tc=95K), YBa2Cu307
(Tc=93K), YBa,Cu;075 (Tc=92K), and CuBa,Ca;CusOip+a (Tc=119K) demonstrate
how the Internal Quantum Tunneling Polarons (3, 4) that are localized on specific Cu-
O bonds operate, beginning in the temperature range from where the pairs preform
through and below the transition (5). Most surprisingly, O K and Cu L XAS
measurements exhibit a massive renormalization of the Zhang-Rice singlet state across
the transition, shifting by up to -500 meV on the oxygen and +1 eV on the Cu, totaling
a factor of ~50 times larger than the gap energy. Another unexpected finding in IQTP
physics is their formation of coherent quantum phase in U4Oy that is stable through 244
K, the highest point measured, corroborating the finding of such a phase in
photoexcited UQ, that is also stable through 300 K.
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Failed superconductivity in chemically-substituted Mott spin
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A central challenge for understanding unconventional superconductivity in most
strongly correlated electronic materials is their complicated band structure and
presence of competing orders. In contrast, quasi-two-dimensional organic spin liquids
are single-band systems with superconductivity arising near the bandwidth-tuned Mott
metal-insulator transition in the absence of other orders. We study chemically-
substituted k-organics in which superconducting fluctuations emerge in the phase
coexistence region between the Mott insulator and the Fermi liquid. Using
magnetotransport and ac susceptibility measurements, we find that global
superconductivity fails to set in as temperature 7— 0 [1]. Our results indicate instead
the presence of superconducting domains embedded in the metallic percolating cluster
that undergo a magnetic field-tuned quantum superconductor to metal transition.
Surprisingly, albeit consistent with the small volume fraction of the metallic
percolating cluster, universal conductance fluctuations are seen at high fields in
macroscopic samples. The observed interplay of the intrinsic inhomogeneity and
quantum phase fluctuations provides a new insight into failed superconductivity, a
phenomenon seen in various materials including other unconventional
superconductors, such as cuprates.

This work was supported by NSF Grants Nos. DMR-2104193 and NSF
DMR-1707785, and the National High Magnetic Field Laboratory through the NSF
Cooperative Agreement Nos. DMR-2128556 and NSF DMR-1644779, and the State of
Florida.
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Complex order parameter, charge modulations, and Lifshitz
transition in the superconducting vortex halo of Bi-2212.
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The electronic structure of the vortex cores in high temperature superconductors keeps
puzzling the scientific community. We present a detailed scanning tunneling
microscopy and spectroscopy investigation of the vortex cores in BirSr,CaCu,Os:s
(Bi-2212) over a wide hole doping p range as a function of temperature and magnetic
field. In underdoped crystals, vortex core spectroscopy reveals subgap peaks with
associated dispersing periodic charge modulations down to zero bias (i.e. Fermi level).
With increasing hole concentration, the subgap states persist in the vortex cores, but
the zero-field periodic charge modulations vanish in an increasingly wide energy
window around the Fermi level in the absence of vortices. We discuss this observation
in terms of an emerging complex order parameter with doping. Increasing p above
p~0.21, the electronic structure of the vortex halos changes drastically. They show no
subgap peaks and no periodic charge modulations, but instead a zero-bias conductance
peak independent of the applied magnetic field. This change can be associated with a
Lifshitz transition and may signal a quantum critical point.
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Visualization of spatial electronic inhomogeneity in Bi2212 using
micro-ARPES
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In strongly correlated electron systems, dramatic quantum emergent phenomena, such
as high-temperature superconductivity and colossal magnetoresistance, are closely
linked to multiple competing and coexisting phases and orders. These phenomena are
widely believed to originate from strong electron-electron interactions. It is also well
known that the emergence of quantum phenomena in strongly correlated electron
systems is often accompanied by spatially inhomogeneities in electronic states across
various length scales. Understanding such self-organization is essential for
fundamentally elucidating macroscopic physical properties. For instance, in cuprate
high-temperature superconductors, scanning tunneling microscopy and spectroscopy
(STM/STS) studies revealed nanoscale spatial inhomogeneity in the superconducting
gap [1]. However, determining which interactions—such as electron correlations,
electron-lattice interactions, and electron-magnetic interactions—are involved, and
how they lead to electron self-organization and macroscopic properties remains a
significant challenge.

In this work, we have investigated the electronic inhomogeneity of the cuprate high-
temperature superconductor Bi,Sr:CaCu,Os:s (Bi2212) using micro-focused angle-
resolved photoemission spectroscopy (micro-ARPES), which combines high energy
and momentum resolutions with micrometer-scale spatial resolution. In this talk, I will
present our recent findings on the spatial inhomogeneity of electronic states and many-
body interactions along the nodal direction [2], as well as the spatial inhomogeneity of
the electronic states and the superconducting gap along the antinodal direction [3].
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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, k-organics, transition metal dichalcogenides,
ruthenates, iron-pnictides, cuprates, and kagome metals). Amazingly, in all of them an
unprecedented universal T° 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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Discovery and exploration of optically and electronically active polymers was
recognized by the 2000 Nobel prize in chemistry. Till nowadays, these materials are
intensively studied because of their optical properties, promising applications in light
emitting and in energy harvesting. Still, there is no consensus on the very nature of the
light emitting excitons. We develop an approach considering the polymers as generic
one dimensional semiconductors with specific features of strongly correlated electronic
systems. We demonstrate that optics of polymers can be understood within this
combined frame of long range Coulomb interaction together with strong intra-
monomer electronic correlations. Theory predicts different kinds of weakly and
strongly bound excitons, in singlet and triplet states; all of them already show up in
experiments. The theory targets directly the most popular polymers formed by benzene
rings chains but it also applies to some other light harvesting materials formed by
molecular stacks.
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Enabling the preservation of their pristine structure in an inert environment, the
development of the cryogenic stacking method has stimulated the resurgence of
cuprate twistronics, harnessing twisted van der Waals layers of cuprate
superconductors [1,2]. This renewed interest, alongside a growing body of theoretical
predictions, has opened new opportunities in fundamental studies and technological
applications. Combining these atomically thin superconducting heterostructures with
complex circuits, such as superconducting resonators or those used in thermoelectric
devices, remains a significant challenge due to their extreme sensitivity to heat and
chemical exposure in conventional cleanroom processes. Here, we present an
innovative approach for integrating twisted cuprate van der Waals heterostructures
with electronic circuits while maintaining their intrinsic superconducting properties.
Our method involves transferring silicon nitride membranes with pre-patterned
electrical connections directly onto the device [3]. This process effectively minimizes
disorder and is fully compatible with ultra-high vacuum (UHV) environments, a
growing paradigm for fabricating high-purity 2D heterostructures [4]. Electronic
transport measurements confirm the quality of the preserved interface, preparing the
ground for the study of their fundamental properties.
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Starting from the chemical principle of charge neutrality, one can infer the oxidation
states of elements in compounds—especially those involving transition metals in
insulating states. However, a more accurate approach for estimating oxidation states is
the bond valence sum model, which relies on experimental crystal structure data. This
method can sometimes yield fractional oxidation states, which are further examined
using experimental techniques such as resonant X-ray scattering (RXS), often
supported by empirical arguments.

Despite its usefulness, interpreting RXS data through numerical methods often reveals
only minimal charge disproportionation, seemingly at odds with oxidation states
estimated chemically. In this presentation, I will first provide a concise overview of the
RXS technique. Then, using embedded dynamical mean field theory (eDMFT), I will
present an alternative perspective on chemically derived oxidation states, focusing on
compounds containing Fe and Mn ions in high oxidation states.

This alternative viewpoint suggests that what is often interpreted as '"charge
disproportionation" may, in fact, reflect the emergence of novel states of matter

characterized by site- or orbital-selective electronic behavior.
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The geometric control of superconducting and superfluid properties of quantum matter
is a challenging problem of fundamental and technological interest. By tuning lateral
dimensions down to the quantum scale, shape resonances can be induced in the
excitation gaps and in the critical temperature.

While the first theoretical studies of superconducting shape resonances have been
conducted in the crossover from three-dimensional (3D) to two-dimensional (2D) ultra
thin films (with a sizable amplification of the critical temperature and excitation gaps
predicted back in the 1990s [1,2]); in the 2D-1D crossover the shape resonances can be
engineered in superlattices of quantum stripes, with experimental confirmation
provided through investigations of Al and Sn nanowires [3].

In this work we explore the possibility to induce and control shape resonances
exploiting the high tunability of ultracold fermionic atoms inspired and motivated by
the experimental findings of Ref. [4]. We consider a periodic array of 2D atomic
clouds, created by loading a homogenous 2D gas in a 1D optical lattice. Using the
Bogoliubov-de Gennes approach, we investigate the superfluid state properties of
different configuratios of this system adopting the Bogoliubiov-de Gennes approach.
Our preliminary results indicate the occurrence of shape resonances in the superfluid
gap energy, the critical temperature (pairing temperature scale), and in the critical
current when the fermionic filling and the geometry lead to the population of a few
subbands.

Our work focuses on proposing a set of physical parameters of the system that can lead
to experimental realization and characterization of the shape resonances in the

superfluid state.

Financial support from the Italian Ministry of University and Research (MUR) under
project PNRR PE0000023-NQSTTI is aknowledged.
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Advanced high-tech fabrication techniques allowed for fabrication of geometrically complex
and topologically nontrivial 3D nanoarchitectures [1] triggers the emergence of new physical
phenomena [2,3]. In superconductor 3D nanoarchitectures, a topological transition between the
vortex and phase-slip regimes determines the magnetic-field@voltage and currentcMvoltage
characteristics revealing a nontrivial topology of SC screening currents [4,5]. Various dynamic
topological transitions in superconductor open nanotubes take place under a combined dct+ac
transport current [6], leading to vortex frequency locking and Shapiro steps. Vortex chains,
vortex jets, and phase-slip regimes occur in superconductor open nanotubes due to the
inhomogeneity of the normal magnetic field component, leading to microwave generation [7].
In directly written superconductor 3D nanoarchitectures, a strong geometrical anisotropy of the
critical magnetic field gives rise to the reconfigurable coexistence of superconducting and
normal states. In this novel regime of nano-superconductivity, the vortex state can be designed
and manipulated by geometric confinement [8].
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We compute the current through a quantum dot contacted to metallic and
superconducting reservoirs by using the functional integral Keldysh field theory
approach. We derive the optimal conditions for maximizing the thermoelectric current,
for normal leads, finding an upper limit for the thermoelectric coefficient [1].
Moreover we find the explicit expression of the thermoelectric current in a
superconductor - quantum dot - superconductor junction for any values of the
temperature difference between the superconducting leads. We show that in the linear
response regime, in addition to the Josephson current, a weakly phase-dependent
thermoelectric contribution occurs, providing that electron-hole symmetry is broken.
Far from linearity, instead, other contributions arise which lead to thermoelectric
effects, dominant at weak coupling, also in the presence of particle-hole symmetry [2].
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In the pursuit of higher critical temperature of superconductivity, quasi-flat electronic
bands and van Hove singularities in two-dimensions (2D) have emerged as a potential
approach to enhance Cooper pairing on the basis of mean-field expectations.

Strong van Hove singularities, accompanied by shape resonances of the
superconducting gaps and of the pairing temperature, can be generated in artificial
superlattices made of superconducting quantum wells of variable thickness. An
important feature of the superlattice quantum design is the key role of the interface
electric field giving Rashba spin-orbit coupling in the superconducting building
blocks. By tuning geometrical parameters of the superlattice, we predict the
superconducting dome of Tc¢ versus doping characteristic of unconventional
superconductors [1].

However, strong van Hove singularities and large superconducting gaps in the strong
coupling regime suppress the phase stiffness and, hence, the Berezinskii-Kosterlitz-
Thouless (BKT) transition in 2D superconducting systems, while determining the
proliferation of detrimental pair fluctuations in the 2D-3D crossover, suppressing the
superconducting critical temperature. This leads to the emergence of a significant
pseudogap regime due to superconducting fluctuations.

Here we reveal that the aforementioned limitation is avoided in a 2D multicomponent
superconducting electronic system with a quasi-flat electronic band having a strong
pairing strength coupled to a deep band with weak electronic pairing strength. Owing
to the multiband effects, we demonstrate a screening-like mechanism that circumvents
the suppression of the phase stiffness. We report the optimal conditions for achieving a
large enhancement of the BKT transition temperature and a substantial shrinking of the
pseudogap regime by tuning the intraband couplings and the pair-exchange coupling
between the two band-condensates [2,3,4].

Finally, we investigate the role of the d-wave symmetry of the superconducting gap in
strongly coupled 2D superconductors in determining the properties of the BKT
transition induced by a sizable amplification of the phase stiffness with respect to
nodeless-gap superconductors. The d-wave gap emerges as a promising candidate for
inducing an effective two-component stiffness and enabling a higher T BKT compared
to s-wave strongly coupled 2D superconductors.
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