
Institute of Spintronics and Quantum Information
Faculty of Physics

Adam Mickiewicz University, Poznań

Symposium on Spintronics
and Quantum Information

2024

Book of Abstracts

The Będlewo Palace
Research and Conference Centre of the Polish Academy of Sciences

January 11-13, 2024





ISQI Symposium 2024

Symposium Venue

The Symposium on Spintronics and Quan-
tum Information will take place in Będlewo
Palace – Research and Conference Cen-
tre of the Polish Academy of Sciences
(www.palacbedlewo.pl/en/).

About Symposium
The Symposium is organized by the Institute of Spintronics and Quantum Information (ISQI) of the Faculty of
Physics of the Adam Mickiewicz University, Poznań. Since its establishment on January 1, 2021, ISQI has been
organizing yearly symposia on broad aspects of condensed matter physics and quantum information. The first
Symposium took place in 2021 at the Faculty of Physics of AMU, Poznań, and started with the official inauguration
of the Institute. The second Symposium was also organized at the Faculty and took place at the end of 2022.

The aim of the Symposium is to provide an international platform for the presentation and discussion of novel
scientific ideas at the intersection of the fields of broadly understood quantum information and condensed matter
physics, including among others:

• Spintronics and molecular magnetism,
• Magnonics, spin waves and magnonic crystals,
• Quantum information and quantum physics,
• Quantum optics, cavity and circuit QED,
• Strongly correlated systems,
• Quantum simulators and quantum matter,
• Nonlinear dynamics,
• Quantum information and quantum physics,
• Topological states of matter,
• Quantum transport in low-dimensional systems,
• 2D materials and spin-orbit phenomena,
• Bound states in superconductors.

More information can be found on the conference webpage: https://symposium-isqi.amu.edu.pl/.

Organizing Committee:
– Ravindra Chhajlany,
– Anna Dyrdał,
– Krzysztof Grygiel,
– Konrad Kapcia,
– Jarosław W. Kłos,
– Tomasz Kostyrko,
– Ireneusz Weymann (director of ISQI).

Local Committee:
– Krzysztof Sobucki,
– Kacper Wrześniewski,
– Mateusz Zelent.
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Symposium on Spintronics and Quantum Information 2024 
 

 January 11, 2024 January 12, 2024 January 13, 2024 
8.00 - 9.00  Breakfast Breakfast 
9.00 - 11.00  Scientific session 3 Scientific session 7 
9.00 - 9.35  Adam Sajna Maciej Maśka 
9.35 - 9.55  Przemysław Chełminiak Clemens Schmid 
9.55 - 10.15  Martin Žonda Grzegorz Chimczak 
10.15 - 10.30  Anand Manaparambil Dominik Pavelka 
10.30 - 10.45  Julia Kharlan Jaganandha Panda 
10.45 - 11.00  Krzysztof Wójcik Jakub Holobrádek 
11.00 - 11.30  Coffee break Coffee break 
11.30 - 13.10  Scientific session 4 Scientific session 8 
11.30 - 12.05  Victor Tkachenko Oleksandr Dobrovolsky 
12.05 - 12.25 

Registration  
& Reception 

Tomasz Polak Karol Bartkiewicz 
12.25 - 12.40 Katarzyna Kotus-Kozyra Jan Klíma 
12.40 - 12.55 Josef Kadlec Ondřej Wojewoda 
12.55 - 13.15 Jan Martinek Bogdan Idzikowski 
13.15 - 14.15 Group photo 

Lunch 

Symposium closing 

Lunch 
14.15 - 14.30 Symposium opening 
14.30 - 16.30 Scientific session 1 Scientific session 5 

Transfer to Poznań 

14.30 - 15.05 Tobias Grass Tomáš Novotný 
15.05 - 15.25 Maciej Krawczyk Anna Kowalewska-Kudłaszyk 
15.25 - 15.45 Nicholas Sedlmayr Piotr Kozłowski 
15.45 - 16.00 Ryszard Stagraczyński Grzegorz Centała 
16.00 - 16.15 Paweł Gruszecki Peter Zalom 
16.15 - 16.30 Shilan Abo Krzysztof Sobucki 
16.30 - 17.00 Coffee break Coffee break  
17.00 - 18.40 Scientific session 2 Scientific session 6 
17.00 - 17.35 Vojtěch Trávníček Tadeusz Domański 
17.35 - 17.55 Paweł Kurzyński  Jarosław Kłos 
17.55 - 18.10 Piotr Busz Vladislav Pokorný 
18.10 - 18.25 Jan Wójcik Piotr Trocha 
18.25 - 18.40 Krzysztof Szulc Katerina Jirakova 
19.00 - 20.00 

Banquet 
Dinner 

20.00 - 23.00 Poster session 
 
 
Total: 8 sessions (4x2h, 4x1h 40 min) 
 
8 invited x 35min 
12 contributed x 20 min 
22 short contributed x 15 min 
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Thursday, January 11
Time Event Page

12:00 – 14:15 REGISTRATION & RECEPTION

14:15 – 14:30 OPENING
Michał Banaszak, Vice-Rector and Head of School of Exact Sciences, Adam Mick-
iewicz University, Poznań
Roman Gołębiewski, Dean of the Faculty of Physics, AdamMickiewicz University,
Poznań
IreneuszWeymann, Director of Institute of Spintronics andQuantum Information,
Faculty of Physics, Adam Mickiewicz University, Poznań

SCIENTIFIC SESSION 1
Chair: Maciej Maśka

14:30 – 15:05 Invited: Quantum simulation of non-standard Hubbard models
Tobias Grass

14

15:05 – 15:25 Excitation of high-frequency short-wavelength spin waves
Maciej Krawczyk

15

15:25 – 15:45 Hinge states of second-order topological insulators as a Mach-Zehnder interferometer
Nicholas Sedlmayr

16

15:45 – 16:00 Short quantum spin chains in quantum information processing
Ryszard Stagraczyński

17

16:00 – 16:15 Softening of spin waves in thin magnetic films with perpendicular magnetic anisotropy
Paweł Gruszecki

18

16:15 – 16:30 Pure dephasing of light-matter systems in the ultrastrong and deep-strong coupling regimes
Shilan Abo

19

16:30 – 17:00 Coffee break

SCIENTIFIC SESSION 2
Chair: Adam Sajna

17:00 – 17:35 Invited: Sensitivity versus selectivity in entanglement detection via collective witnesses
Vojtěch Trávníček

20

17:35 – 17:55 Exposing Hypersensitivity in Quantum Chaotic Dynamics
Paweł Kurzyński

21

17:55 – 18:10 Quantum-coherent manipulation and detection of individual atomic spins with the use of
spin-polarized STM
Piotr Busz

22

18:10 – 18:25 Quantum Walk with Stochastic Reset
Jan Wójcik

23

18:25 – 18:40 Having fun with simulations: On numerical modelling of charge population decay in per-
ovskite solar cells
Krzysztof Szulc

24

19:00 – 23.00 Conference banquet
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Friday, January 12
Time Event Page

8:00 – 9:00 Breakfast

SCIENTIFIC SESSION 3
Chair: Vojtěch Trávníček

9:00 – 9:35 Invited: Large velocity approximation to the digitized-counterdiabatic protocol in spin sys-
tems
Adam Sajna

25

9:35 – 9:55 Non-linear subdiffusion defeats ordinary diffusion in shortening the mean time of reaching
a target by harmonically trapped particle
Przemysław Chełminiak

26

9:55 – 10:15 Spin dynamics in magnetic nanojunctions – hybrid quantum-classical approach
Martin Žonda

27

10:15 – 10:30 Underscreened Kondo cloud in an s-wave superconductor
Anand Manaparambil

28

10:30 – 10:45 Spin wave localization induced by superconducting strip
Julia Kharlan

29

10:45 – 11:00 Signatures of Kondo-Majorana interplay in ac response
Krzysztof Wójcik

30

11:00 – 11:30 Coffee break

SCIENTIFIC SESSION 4
Chair: Tobias Grass

11:30 – 12:05 Invited: Ultrafast X-ray induced magnetization dynamics in Co and Ni
Victor Tkachenko

31

12:05 – 12:25 Imaginary time dynamics impact on strongly correlated boson systems
Tomasz Polak

32

12:25 – 12:40 Defect-induced changes in the propagation of spin waves in ferromagnetic waveguide
Katarzyna Kotus-Kozyra

33

12:40 – 12:55 Experimental hierarchy of the nonclassicality of single-qubit states via potentials of entan-
glement, steering, and Bell nonlocality
Josef Kadlec

34

12:55 – 13:15 Spin cross-correlation measurements of entangled electrons in quantum dot Cooper pair
splitters
Jan Martinek

35

13:15 – 13:20 Conference photo

13:20 – 14:30 Lunch

SCIENTIFIC SESSION 5
Chair: Tadeusz Domański

14:30 – 15:05 Invited: Theoretical approaches to correlated quantum dots coupled to superconducting
leads
Tomáš Novotný

36
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Time Event Page

15:05 – 15:25 Blockades in optical and opto-mechanical systems
Anna Kowalewska-Kudłaszyk

37

15:25 – 15:45 Proximity Induced Electron Transfer in Hybrid Molecular Magnets
Piotr Kozłowski

38

15:45 – 16:00 Multimodal waveguide for spin waves based on a magnonic Bragg mirrors
Grzegorz Centała

39

16:00 – 16:15 Multi-terminal interacting-quantum-dot-based devices
Peter Zalom

40

16:15 – 16:30 Spin-Wave Beam Inelastic Scattering On LocalizedModes For Spin-Wave Beam Frequency
And Trajectory Control
Krzysztof Sobucki

41

16:30 – 17:00 Coffee break

SCIENTIFIC SESSION 6
Chair: Tomáš Novotný

17:00 – 17:35 Invited: Josephson junctions: platform for exotic superconducting phases
Tadeusz Domański

42

17:35 – 17:55 Edge and interface modes in 1D artificial crystals
Jarosław W. Kłos

43

17:55 – 18:10 Low-energy model for superconducting impurity systems
Vladislav Pokorný

44

18:10 – 18:25 Generation of current in a quantum dot hybrid system coupled to topological superconduc-
tor
Piotr Trocha

45

18:25 – 18:40 Enhancing Collective Entanglement Witnesses Through Correlation With State Purity
Katerina Jirakova

46

19:00 – 20:00 Dinner

20:00 – 23:00 POSTER SESSION

1 Quantum generative machine learning
Patrycja Tulewicz

60

2 Many-body phases in optical-lattice systems with alkaline-earth-like atoms. Dynamical
Mean-Field approach
Agnieszka Cichy

61

3 Nonreciprocity of spin waves in ferromagnetic nanowires with curved cross-sections
Uladzislau Makartsou

62

4 Tunning Dzyaloshinskii-Moriya interaction via interface engineering in CoFeB/MgO het-
erostructure
Shashank Shekhar

63

5 Unconventional Superconductor’s Impact on Transport Properties of Multi-Terminal
Quantum Dot Based Hybrid
Vrishali Sonar

64
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Time Event Page

6 Superconductor-Induced Effects on Nagaoka Ferromagnetism in a Quantum Dot Array
Emil Siuda

65

7 Supremacy of Quantum Batteries
Ewelina Lange

66

8 Liouvillian Exceptional Points: An Experimental Approach Using Linear Optics
Jiří Hůsek

67

9 Behavior of Edge and BulkModes in anAntidot Lattice Exhibiting PerpendicularMagnetic
Anisotropy
Mathieu Moalic

68

10 Numerical modelling of nonreciprocal spin wave propagation in Co/Pt multilayers
Nikodem Leśniewski

69

11 The role of material parameters, external field and geometry on the arrangement of vortices
in superconducting structures
Sara Memarzadeh

70

12 Higher order spin interactions mediated by the substrate
Szczepan Głodzik

71

13 Simulation of unidirectional spin-waves generated by the Cherenkov effect in a ferromag-
net/superconductor hybrid
Joana Hernández

72

14 Spin wave dynamics in CoFeB layers
Aleksandra Trzaskowska

73

15 Nonmonotonic buildup of spin-singlet correlations in double quantum dot
Kacper Wrześniewski

74

16 Stabilisation of skyrmions at remanence in Re/Co/Pt epitaxial heterostructures
Mateusz Zelent

75

17 Resonant 2-particle states in the empty lattice limit
Maciej Bąk

76

18 Magnonic Properties of Gyroidal Ferromagnetic Networks
Mateusz Gołębiewski

77
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Saturday, January 13
Time Event Page

8:00 – 9:00 Breakfast

SCIENTIFIC SESSION 7
Chair: Oleksandr Dobrovolskiy

9:00 – 9:35 Invited: Topological superconductivity in one-, quasi-one- and two-dimensional spin
structures
Maciej Maśka

47

9:35 – 9:55 Nonlinear Conductivity and Vortex Dynamics in Su- perconductor MgB2 Films
Clemens Schmid

48

9:55 – 10:15 Breaking the equivalence between LEP and HEP in a semiclassical system
Grzegorz Chimczak

49

10:15 – 10:30 Detection of parametrically pumped spin waves byMie-enhanced Brillouin light scattering
Dominik Pavelka

50

10:30 – 10:45 Efficient spin transport in commercial chemical vapor deposited graphene
Jaganandha Panda

51

10:45 – 11:00 Unidirectional propagation of zero-momentum magnons in synthetic antiferromagnets
Jakub Holobrádek

52

11:00 – 11:30 Coffee break

SCIENTIFIC SESSION 8
Chair: Victor Tkachenko

11:30 – 12:05 Invited: Nonreciprocal Magnon Fluxonics
Oleksandr Dobrovolskiy

53

12:05 – 12:25 Liouvillian exceptional points of non-Hermitian systems via quantum process tomography
Karol Bartkiewicz

54

12:25 – 12:40 Zero-field spin-wave steering in corrugated waveguides
Jan Klíma

55

12:40 – 12:55 Modelling of the micro-focused Brillouin light scattering signal and enhancement of the
maximal detectable wave-vector
Ondrej Wojewoda

56

12:55 – 13:15 New directions in the search and design of selected materials for sustainable industrial de-
velopment
Bogdan Idzikowski

57

13:15 – 13:30 SYMPOSIUM CLOSING

13:30 – 14:30 Lunch

after 14:30 TRANSFER TO POZNAŃ

11 of 80



ISQI Symposium 2024

12 of 80



Abstracts

13



ISQI Symposium 2024

QUANTUM SIMULATION OF NON-STANDARD HUBBARDMODELS

T. Grass1

1 ICFO Institute of Photonic Sciences, Barcelona, Spain

TheHubbardmodel in all its variations plays a central role in the description of strongly correlatedmany-body systems. Despite
its simple form, the solution of the model remains a challenge for analytical and numerical methods. Quantum simulation has
been established as an alternative solution method in the last 20 years. My talk takes a comprehensive look at this development
and introduces both atomic and electronic many-body systems suitable for quantum simulation of Hubbard models. Here, I
will focus on the bosonic Hubbardmodel and study different extensions of themodel, such as long-range interactions or lattices
without dispersion.
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EXCITATION OF HIGH-FREQUENCY SHORT-WAVELENGTH SPINWAVES

N. Kumar1, P. Gruszecki2, M. Gołębiewski2, J. W. Kłos2 and M. Krawczyk2

1 Electronics and Communication Engineering Department, National Institute of Technology Calicut, India
2 Institute of Spintronics and Quantum Information, Faculty of Physics, Adam Mickiewicz University, Poznań, Poland

To use spin waves as an information carrier, it is necessary to convert a signal from another commonly used carrier. Because
of the frequency range of spin waves, from a few GHz to a few hundred GHz, and the corresponding short wavelength, from
micrometres to a few nm, it would be beneficial to have an effective transducer to convert the signal encoded in microwaves
to spin waves. Research in this direction has been going on for a long time, one could say since the beginning of magnetic
resonance (FMR) research. However, this classical magnetic resonance experiment uses a uniformmicrowavemagnetic field in
a cavity, which induces only uniformmagnetisation oscillations, i.e. spin waves with zero wave vector and the lowest frequency
available in a given material. For modern applications, however, conversion methods are being sought that allow the excitation
of very short spin waves (below 100 nm) and high frequencies, e.g. those used in the wireless and cellular transmission range
(including future 6G technologies), i.e. from 1 GHz to 100 GHz. I will critically review the selected techniques for exciting
spin waves using a microwave field that have been proposed in recent years. Finally, I will present some promising approaches
recently developed in our group to excite high frequency and very short wavelength spin waves. There, we exploit nonlinear
effects in the magnonic crystal under microwave magnetic field excitation to induce high-frequency harmonics of very short
wavelength, i.e. reaching 100 GHz at wavelengths below 30 nm (Figure 1) [1].

Fig. 1: (a) Schematic of the device – an antidot latticewith a three-hole defect cavity (L3).Magnonic crystal ismade of
a 5 nm thick Py-filmwith magnetization saturated by the magnetic field H0 directed along the y-axis, the diameter
of the antidots is 80 nm and the lattice constant is 150 nm. A CPW antenna is placed just above the film. (b) The
spin waves are excited by the magnetic field produced by CPW. (c) The spin wave spectra (∝m2z) in the L3 cavity
excited with CPW at frequency 24.3 GHz of different amplitudes. (d) Intensity of the fundamental cavity mode (f0
= 24.3 GHz), and its second (f2 ≡ 2f0 = 48.6 GHz), and third (f3 ≡ 3f0 = 72.9 GHz) harmonics on the microwave
excitation field strength.

Acknowledgements:Thisworkwas supported in part by theNational Science Center Poland projectOPUS-LAPno 2020/39/I/ST3/02413.
The simulations were partially performed in Poznan Supercomputing and Networking Center and at the National Institute of Technology
Calicut, India.

References:
1 Nikhil Kumar, Paweł Gruszecki, Mateusz Gołębiewski, Jarosław W. Kłos, and Maciej Krawczyk, Exciting high-frequency short-wavelength spin waves using

high harmonics of a magnonic cavity mode, arXiv: 2311.14143v1 (2023).
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HINGE STATES OF SECOND-ORDER TOPOLOGICAL INSULATORS AS A
MACH-ZEHNDER INTERFEROMETER

A. Y. Chaou1, P. W. Brouwer1,2 and N. Sedlmayr2

1 Dahlem Center for Complex Quantum Systems and Institut für Physik, Freie Universität Berlin Arnimallee 14, 14195 Berlin, Germany
2 Institute of Physics, Maria Curie-Skłodowska University Plac Marii Skłodowskiej-Curie 1, 20-031 Lublin, Poland

Three-dimensional higher-order topological insulators can have topologically protected chiral modes propagating on their
hinges. Hinges with two copropagating chiral modes can serve as a “beam splitter” between hinges with only a single chiral
mode. Here we show how such a crystal, with Ohmic contacts attached to its hinges, can be used to realize a Mach-Zehnder
interferometer. We present concrete calculations for a lattice model of a first-order topological insulator in a magnetic field,
which, for a suitable choice of parameters, is an extrinsic second-order topological insulator with the required configuration of
chiral hinge modes.

Acknowledgements: This work was supported by the Polish National Agency for Academic Exchange (NAWA) under the Grant No.
PPN/BEK/2020/1/00338/DEC/2 and by the National Science Centre (NCN, Poland) by the Grant No. 2019/35/B/ST3/0362 (NS),
and by the Deutsche Forschungsgemeinschaft Project No. 277101999—CRC TR 183 (Project A03) (A.Y.C. and P.W.B.).

References:
[1] A. Yanis Chaou, P. W. Brouwer and N. Sedlmayr, Physical Review B, 107, 035430 (2023)
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SHORT QUANTUM SPIN CHAINS IN QUANTUM INFORMATION PROCESSING

R. Stagraczyński1 and T. Lulek2

1 Rzeszów University of Technology, Powstańsców Warszawy 12, Rzeszów, Poland
2 Adam Mickiewicz University Poznań, Uniwersytetu Poznańskiego 2, Poznań, Poland

Spin chains are quantum integrable systems, that is, they dispose a complete set of basis states in the corresponding Hilbert
space which are eigenstates of the Hamiltonian, the transfer matrix, or another operator characterizing a system. It provides a
comfortable position for quantum engineers like Alice, Bob, etc., to perform several quantum operations on such systems. We
aim to demonstrate it in the case of a magnetic hexagonal ring of N=6 qubits (i.e. dimH=26=64), where the so called basis of
wavelets (the momentum Fourier transform) admits to store all necessary data within the set of some exact density matrices
of the rank not larger than 4x4 [1].

References:
[1] T. Lulek, R. Stagraczyński, M. Łabuz, Separation of spherically and translationally covariant finite quntum spaces within the XXX model, Nuclear Physics

B, 991, 116215(2023).
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SOFTENING OF SPINWAVES IN THINMAGNETIC FILMSWITH PERPENDICULAR
MAGNETIC ANISOTROPY

N. Leśniewski1,2 and P. Gruszecki1

1 ISIK, Faculty of Physics, Adam Mickiewicz University, Poznań, 61-614, Poland
2 CNRS, Lab-STICC, UMR 6285, ENIB, 29238 Brest Cedex 3, France

The competition between long-range dipole interactions (which are anisotropic in nature) and short-range isotropic exchange
interactions causes the dynamics of spin waves to be very complex compared to, for example, electromagnetic waves. Interac-
tions that further enrich the propagation of spin waves are the perpendicular magnetic anisotropy (PMA) and the interfacial
Dzyaloshinskii-Moriya interaction (iDMI). All of these interactions impact not only the propagation of spin waves, but also
the magnetic configuration at low magnetic fields (below the critical bias field). An intriguing outcome of PMA’s existence in
uniformly magnetized thin ferromagnetic films is the emergence of a local minimum in the dispersion relation for a non-zero
wave vector in the Damon-Eshbach configuration. The depth of this minimum increases as the bias magnetic field value de-
creases. This process is referred to as mode softening, and spin waves originating from this minimum in the dispersion relation
are referred to as softened spin waves. Moreover, in films with PMA, there is a strong connection between softened spin waves
and magnetization texture, since the wavelength of softened spin waves is equal to the period of the magnetic texture obtained
after the phase transition between the uniformly magnetized film/stripe domain pattern (or spin spirals for films with large
iDMI) [1].

Here we theoretically study the process of spin-wavemode softening and how it is affected by various parameters, in particular
thickness, PMA, iDMI and damping. For example, we demonstrate and explain the physical mechanism of the reversal of the
direction of precession of the magnetic moments on one of the surfaces of the film, which can occur for softened spin waves
under certain conditions.

Acknowledgements:We acknowledge the funding from the Polish National Science Centre project No. UMO-2019/33/B/ST5/02013.

References:
[1] J. Kisielewski, P. Gruszecki, M. Krawczyk, V. Zablotskii, and A. Maziewski, Phys. Rev. B 107, 134416 (2023)
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PURE DEPHASING OF LIGHT-MATTER SYSTEMS IN THE ULTRASTRONG AND
DEEP-STRONG COUPLING REGIMES

S. I. Abo1

1 Nonlinear Optics Division, Institute of Spintronics andQuantum Information, Faculty of Physics, AdamMickiewicz University (AMU),
Poznan, Poland

The field of cavity quantum electrodynamics (CQED) holds great promise for studying strong inter- actions between light
and matter. However, there is still a lot to be understood about pure dephasing in quantum systems, especially in the strong
coupling regimes where new physical phenomena and quantum applications can arise.

In weak interaction scenarios, the difference in perturbation forms between the dipole gauge and the Coulomb gauge is often
negligible. However, ignoring this difference can result in incorrect and unphysical outcomes in ultra-strong and deep-strong
coupling regimes.

In this talk I will address this issue, focusing on calculating the pure dephasing rate in two different models: the quantum Rabi
model and the Hopfield model. I will explain that the interaction in a light-matter system in ultra- strong and deep-strong
coupling regimes can significantly impact the form of the stochastic perturbation that describes the dephasing of a subsystem,
depending on the gauge that is adopted [1].

References:
[1] A. Mercurio, S. Abo, F. Mauceri, E. Russo, V. Macri, A. Miranowicz, S. Savasta, and O. Di Stefano, Pure Dephasing of Light-Matter Systems in the

Ultrastrong and Deep-Strong Coupling Regimes, Phys. Rev. Lett. 130, 123601 (2023).
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SENSITIVITY VERSUS SELECTIVITY IN ENTANGLEMENT DETECTION VIA
COLLECTIVE WITNESSES

V. Trávníček1, J. Roik2, K. Bartkiewicz3, A. Černoch1, P. Horodecki4,5 and K. Lemr2

1 Institute of Physics of the Czech Academy of Sciences, Joint Laboratory of Optics of PU and IP AS CR 17. listopadu 50A, 772 07 Olomouc,
Czech Republic
2 Joint Laboratory of Optics of Palacký University and Institute of Physics of Czech Academy of Sciences, 17. listopadu 12, 771 46 Olomouc,
Czech Republic
3 Faculty of Physics, Adam Mickiewicz University, PL-61-614 Poznan, Poland
4 Faculty of Applied Physics and Mathematics Gdansk University of Technology, 80-233 Gdansk, Poland
5 International Center for Theory of Quantum Technologies University of Gdansk, Wita Stwosza 63, 80-308Gdansk, Poland

We present a supervised learning technique that utilizes artificial neural networks to design new collective entanglement wit-
nesses for two-qubit and qubit-qutrit systems. Deep-learned collective entanglement witnesses allow for continuous tuning
of their sensitivity and selectivity. These witnesses are, thus, a conceptually novel instrument and allow us to study the sen-
sitivity vs. selectivity trade-off in entanglement detection which is not accessible to previously deployed analytical witnesses.
In particular we show that there exists experimentally relatively cheap (in the number of measurements) methods where the
sensitivity can be significantly improved at a slight expense of selectivity of the entanglement detection. The chosen approach
is also favored due to its high generality and potential for superior performance with regards to other types of entanglement
witnesses. Our findings could pave the way for the development of more efficient and accurate entanglement detection meth-
ods in complex quantum systems, especially considering realistic experimental imperfections.

Fig. 1: Comparison of the ROC curves of CEWmodels for the two-qubit system. The vertical and horizontal axes of
the graph represent the true positive rate (sensitivity) and false positive rate (fall-out), respectively. The number
close to each curve indicates the length B of the feature vectors used during the training process. Note that for B
= 0 the line is diagonal due to prevalence of 0.5. Additionally, we highlighted sensitivity values corresponding
to prominent analytical entanglement measure (Negativity), Bell’s inequality (CHSH) and witnesses (FEF, EW,
Collectibility), where, the number in parentheses represent the number of measurement configurations required
for calculation of a said quantity and the letter T represents a full quantum state tomography. It is worth noting
that for the analytical entanglement measure, inequality and witnesses, the FPR = 0.
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EXPOSING HYPERSENSITIVITY IN QUANTUM CHAOTIC DYNAMICS

A. Grudka1, P. Kurzyński1, A. S. Sajna2, J. Wójcik3 and A. Wójcik1

1 Institute of Spintronics and Quantum Information, Faculty of Physics, Adam Mickiewicz University, 61-614 Poznań, Poland
2 2 Institute of Theoretical Physics, Faculty of Fundamental Problems of Technology, WroclawUniversity of Science and Technology, 50-370
Wroclaw, Poland
3 Faculty of Physics, Adam Mickiewicz University, 61-614 Poznań, Poland

We study hypersensitivity to initial state perturbation in unitary dynamics of a multi-qubit system [1]. We use quantum state-
metric, introduced by Girolami and Anza in [2], which can be interpreted as a quantum Hamming distance. To provide a
proof-of-principle, we take themulti-qubit implementation of the quantum kicked top, a paradigmatic system known to exhibit
quantum chaotic behaviour. Our findings confirm that the observed hypersensitivity corresponds to commonly used signatures
of quantum chaos. Furthermore, we demonstrate that the proposed metric can detect quantum chaos in the same regime and
under analogous initial conditions as in the corresponding classical case.

Acknowledgements: This research is supported by the Polish National Science Centre (NCN) under the Maestro Grant no. DEC-
2019/34/A/ST2/00081. J.W. acknowledges support from IDUB BestStudentGRANT (NO. 010/39/UAM/0010). Part of numerical stud-
ies in this work have been carried out using resources provided by Wroclaw Centre for Networking and Supercomputing (wcss.pl), Grant
No. 551 (A.S.S.).
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Our objective is to formulate a theoretical description that enables to evaluate the conditions and results of modern experiments
on electrical control of single spin dynamics in quantum dots (QD) in the presence of noncollinear magnetic electrodes or in
spin-polarized STM of single atoms on a surface. Despite the fast-growing number of experimental works in this research area,
the fundamental principles still remain unclear. In such setups one can observe a nonequilibrium spin accumulated on the
quantum impurity (QD or atom on a surface), and also the effects due to virtual spin-dependent exchange processes between
the impurity and ferromagnetic electrodes, which result in an effective exchange field [1-4] that can be controlled by the gate
and bias voltages. We use the real-time diagrammatic technique and the Gorini-Kossakowski-Lindblad-Sudarshan (GKLS)
equation approach, where we define effective jump operators for the system with noncollinearly magnetized electrodes. With
these techniques we find a Bloch-like equation [2-4], which describe the complex spin dynamics in the presence of spin polar-
ized current for various useful and important limits, both in the sequential and the cotunneling regimes. We demonstrate that
the dc current is related to distinct projections of the induced spin, which allows for a single spin read-out locally by means of
the electric transport measurements. Thus, the ferromagnetic electrodes can act effectively as spin detectors, that transform a
spin information into a charge signal, while the readout direction can be controlled electrically by the gate voltage. These find-
ings allow us to explain the tunnel magnetoresistance characteristics from the recent experiment [5], where the nonequilibrium
spin transport in the canted quantum dot spin valve was studied and signatures of out of equilibrium spin precession, that are
electrically tunable, were observed. We also predict a new type of the zero-bias anomaly that is related to both the switching of
the spin detection direction at the zero bias and to the spin dynamics due to the exchange field.Moreover, using ourmodel with
a compact equations we can explain analytically experimental results [6-8] related to recent breakthroughs in spin-polarized
STM that make it possible to probe and control the spin dynamics of individual atoms on a surface. We also suggest a series of
transport experiments in such setups. For example, we show that the measurement of the Hanle effect can be used as a tool for
determination of the local exchange field and the spin relaxation time from the dc current magnetoresistance measurements.

Acknowledgements: Two of us (PB, DT) acknowledge support fromNational Science Centre, Poland, grant No. 2020/36/C/ST3/00539.
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We focus our presentation on mean hitting time in the discrete-time quantum walks with stochastic reset. Quantum walks are
periodically driven (Floquet) systems. Their discrete model due to its simplicity may be a very powerful tool while studying
complex systems.

We investigate a model with an observer that constantly measures whether the particle is at one or two chosen positions. The
mean hitting time in such a model is defined as the average time at which the observer will measure the particle.

We study nowhow the concept of stochastic reset can influence themean hitting time. In the case of only onemeasured position,
it is easy to show how the stochastic reset can boost the mean hitting time. However, in the case of two measured positions, the
result is surprising.

Here we present the evolution of quantum walk with and without stochastic reset.

Lastly, we show the analytical solution for the probability distribution of a quantum walk with stochastic reset at the long time
limit.
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Charge population decay in perovskite solar cells in the timescales from single picoseconds to single nanoseconds is described
with different processes as charge injection to transporting materials, charge diffusion, and first-, second-, and third-order
charge recombination. The complexity of the charge population evolution makes the problem to be not fully solvable analyti-
cally.

The answer to this problem is numerical modelling. We prepared a numerical model in COMSOL Multiphysics to solve the
differential equation for charge population decay in thin-film perovskite solar cells [1]. The results of simulations were used to
fit the experimental data from broadband transient absorption measurements. Moreover, an in-depth analysis of the material
parameters effect on the charge population decay rate was performed. We also propose a step-by-step method combining
numerical modelling and experimental measurements which allows the determination of investigated material parameters.

Acknowledgements: K.S. acknowledges the financial support from the Foundation for Polish Science (FNP).

References:
[1] K. Szulc, K. Pydzińska-Białek, and M. Ziółek, Materials 16, 7110 (2023)

24 of 80



ISQI Symposium 2024

LARGE VELOCITY APPROXIMATION TO THE DIGITIZED-COUNTERDIABATIC
PROTOCOL IN SPIN SYSTEMS

A. Kaczmarek1,2 and A. S. Sajna 2

1 SoftServe Poland
2 Institute of Theoretical Physics, Faculty of Fundamental Problems of Technology, Wrocław University of Science and Technology, 50-370
Wrocław, Poland

Precise and fast control of quantum systems before they decohere is an important task for current quantum technologies. The
challenge of ensuring such control becomes especially difficult as quantum systems growmore complex. Efficient ground state
preparation of many-body systems is one such challenge. By using the large velocity approximation to the standard digitized
counterdiabatic protocol, we demonstrate that one can significantly reduce the circuit depth of the accelerated adiabatic pro-
tocol. As an application example, we achieve an almost twofold increase in the fidelity of the ground state preparation of the
XXZ model on the IBM quantum computer. The present work highlights the importance of the large velocity limit of the coun-
terdiabatic protocol family for noisy intermediate-scale quantum devices.

Acknowledgements: Part of numerical studies in this work have been carried out using resources provided by Wroclaw Centre for Net-
working and Supercomputing (wcss.pl), Grant No. 551 (A.S.S.).
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During the talk we present an unexpected paradox in the behavior of a harmonically trapped particle. This contradiction
emerges from a comparison of the mean times downhill the harmonic potential for the ordinarily and nonlinearly diffusing
particles. On the one hand it can be shown the non-linear (sub)diffusion occurring in the harmonic potential is slower than the
normal (linear) diffusion in the same potential. This observation results from a comparison of the time courses of the mean
square displacements for both processes. On the other hand, we demonstrate that the mean time to the minimum of the har-
monic potential is shorter for the non-linear diffusion compared to the linear diffusion.
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Wewill present our theoretical investigation of nonequilibriumphenomenawithinmagnetic nanojunctions via a computational
approach that combines classical spin dynamics with the hierarchical equations of motion technique for quantum dynamics of
the conduction electrons [1]. Our focuswill be on spin dynamics, particularly the charge driven spin damping.Wewill discuss a
non-monotonic trend in spin relaxation rates relative to the coupling strength between localized spins and conduction electrons.
Here a distinctive maximum at intermediate coupling strength is observed, which we attribute to a competition between the
increasing influence of the coupling and the impact of diminishing local electronic density of states at the Fermi level.

In the context of amagnetic junction, i.e., nanodevice coupled to leads, subjected to an external DC voltage; we observe resonant
features in the spin relaxation, reflecting the electronic spectrum of the nanodevice. The precession of classical spin gives rise
to additional side energies in the electronic spectrum, which in turn, leads to a broadened range of enhanced damping in the
voltage

We will further demonstrate that the spin dynamics of a large open system can be faithfully simulated using a short chain
connected to simple semi-infinite metallic leads. We will show that the hybrid method with large spin approximates well the
full quantum-mechanical solution and will briefly discuss its application to a more complex system, namely a spin valve with
noncollinear magnetization [2].
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Magnetic impurities coupled to a band of conduction electrons generate a many-body correlated state known as the Kondo
state. The correlations in the Kondo state extends to large length scales compared to the size of the impurity. In general, the
quantum dots/magnetic impurities in such systems are usually of nanometers in size, where as the Kondo cloud has been
predicted to extend up to micrometers and recent experiments have confirmed the presence of such large screening clouds. In
the presence of superconducting correlations, such screening clouds have been shown to exist even outside the Kondo phase[1]

In this work, we study a large spin Kondo model coupled to an s-wave superconductor. We show that there exist an under-
screened Kondo doublet to unscreened triplet phase transition according to the dominant energy scale, I.e, the Kondo energy
scale or the superconducting band gap. We observe different behaviors of the screening in both of the phases predicted an-
alytically by the renormalized perturbation theory(RPT) and confirmed numerically using the Numerical Renormalization
Group(NRG) methods. The spatial extension of the correlations estimated from the equal-time spin-spin correlation function
calculated using Density Matrix Renormalization Group (DMRG) corroborate the presence of screening clouds in both the
phases. Moreover, the influence of the unscreened half-spin in the underscreened Kondo phase have also been unveiled in this
work.

Acknowledgements: This work has been supported by the Polish National Science Center through the grant No: 2021/41/N/ST3/02098
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Eddy currents in a superconductor (SC) shield the magnetic field in its interior and are responsible for the formation of a
magnetic stray field outside of the SC structure. The stray field can be controlled by the external magnetic field and affect the
magnetization dynamics in the magnetic system within its range. In our work, we investigate theoretically and numerically the
spin-wave (SW) confinement induced in a uniform magnetic layer by the stray field of a SC strip.

Fig.1. (a) A thin FM film (a = 20 nm) is exposed to the stray field of a rectangular SC
strip (w = 400/800 nm, t = 100 nm). The FM and the SC are separated by a small gap
(g = 10 nm). (b) The static internal magnetic field is lowered in the region of the FM
underneath the SC strip. This leads to the confinement of SW modes, (c) which are
quantized in the quasi-parabolic well of the internal field.

The considered hybrid system consists of Ga:YIG ferrimagnetic (FM) thin film and
Nb SC stripe. (Fig. 1). According to the Meissner effect, a SC strip expels a magnetic
field from its volume by means of eddy currents. These currents create a non-uniform
distribution of the magnetic field in the FM film. The system is placed in an external
magnetic field perpendicular to the FM layer. In Ga:YIG, the shape anisotropy is over-
come by the out-of-plane anisotropy, leading to the magnetization being directed out
of plane. Then, the stray field of SC induces the well of static effective field in the FM
layer, which can confine the SWs of the frequencies lower than the FMR frequency of
FM layer in the absence of SC stripe. Although, the stray field of SC strip results in the
presence of weak magnetization texture induced in FM layer close to SC strip edges,
stray field produced by such texture is small and can be neglected. Therefore, there is
no need to take into account the mutual interaction between the FM layer and the SC
stripe.

According to these assumptions, our studies were carried out in two stages. We first
calculated the static stray field generated by the SC strip. It was determined from the distribution of SC currents, which was
found by semi-analytical solution of the London equation [1]. The static field generated by SC stripe was then included as a
correction to the effective field to Landau-Lifshitz (LL) equation, which was used to find the confined SWmodes. The solutions
of LL equation were found both semi-analytically [2] and numerically. We have shown that the applied field can tune the depth
of the stray field well, and thus we can control the number and frequencies of the SW modes confined in the well (Fig.2).

Fig.2 The dependence of the localized SW modes on the external magnetic field. The
solid lines and square dots correspond to the semi-analytical theory and micromag-
netic simulations respectively. Dashed lines show FMR frequency of homogeneous
film.

Acknowledgements: The authors acknowledge the support from the grant of the National
Science Center – Poland, Nos. UMO-2019/35/D/ST3/03729, UMO-2021/43/I/ST3/00550,
and UMO-2021/41/N/ST3/04478.
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In this contribution [1]we present the results concerning dynamical transport properties of a hybrid nanostructure, comprising
a correlated quantum dot embedded between the source and drain electrodes, which are subject to an ac voltage, focusing on
signatures imprinted on the charge transport by the side-attached Majorana zero-energy mode. The considerations are based
on the Kubo formula, for which the relevant correlation functions are determined by using the numerical renormalization
group approach, which allows us to consider the correlation effects due to the Coulomb repulsion and their interplay with
the Majorana mode in a nonperturbative manner. We point out universal features of the dynamical conductance, showing up
in the Kondo-Majorana regime, and differentiate them against the conventional Kondo and Majorana systems. In particular,
we predict that the Majorana quasiparticles give rise to universal fractional values of the ac conductance in the welldefined
frequency range below the peak at the Kondo scale. We also show this Kondo scale to actually increase with strengthening the
coupling to the topological superconducting wire.

Fig. 1: Schematic illustration of the considered system.

Acknowledgements: This research project has been supported by the National Science Centre (Poland) through the grant
No. 2018/29/B/ST3/00937.
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We investigated the role of electronic excitation, relaxation and transport processes in X-ray induced ultrafast demagnetization
of magnetic single- and multilayer systems. In what follows, we report on the results obtained with the newly developed
modeling tool, XSPIN,which enables nanoscopic description of electronic processes occurring in X-ray irradiated ferromagnetic
materials [1,2]. With this tool, we have studied the specific response of cobalt/platinum (Co/Pt) multilayer system irradiated
by an ultrafast XUV pulse at the M-edge of Co (photon energy around 60 eV) and the response of cobalt/palladium (Co/Pd)
multilayer system at the L-edge of Co (photon energy around 778 eV) [1,2]. Those were previously studied experimentally at
the FERMI and LCLS free-electron facilities respectively [3,4]. The XSPIN simulations show that the magnetic scattering signal
from cobalt decreases on the femtosecond timescales considered due to electronic excitation, relaxation and transport processes
both in the cobalt and in the non-magnetic layers. The signal decrease scales with the increasing fluence of incoming radiation,
following the trend observed in the experimental data. Confirmation of the predominant role of electronic processes for X-ray
induced demagnetization in the regime below the structural damage threshold, achieved with our theoretical study, is a step
towards quantitative control and manipulation of X-ray induced magnetic processes on femtosecond timescales.

Additionally, we describewith XSPIN simulations the demagnetization observed in a single layer of nickel (Ni) [5], and present
a more comprehensive extension of the XSPIN code, XSPIN+, which takes into account atomic movement and changing band
structure predicted with density functional tight binding (DFTB) formalism.
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Open many body quantum systems play a paramount role in various branches of physics, such as quantum information, non-
linear optics or condensed matter. The dissipative character of open systems has gained a lot of interest especially within the
fields of quantum optics, due to unprecedented stabilization of quantum coherence, and quantum information, with its desire
to control environmental degrees of freedom.We look beyond the typical mechanism of dissipation associated with an external
source and show that strongly interactingmany particle systems can create quantum decoherence within themselves. We study
a quantum bosonic two-dimensional many body system with extended interactions between particles. Analytical calculations
show that the system can be driven out of its coherent state, which is prevalent among commonly used setups. However, we also
observe a revival of the superfluid phase within the same framework for sufficiently large interaction strength. The breakdown
of quantum coherence is inevitable, but can be misinterpreted if one assumes improper coupling between the constituents of
the many particle system. We show an adequate path to retrieve physically relevant results and consider its limitations. The
system displays a natural cutoff that enforces the breakdown of superfluidity.
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A significant amount of research has been conducted on magnetization dynamics within nanostructures in recent decades in
the field of nanomagnetism. This has resulted in the discovery of new effects, the development of various applications, and
the identification of promising new directions such as magnonics, which focuses on studying the dynamics of spin waves and
their potential applications.

As a part of our study, we conducted micromagnetic simulations of a waveguide-defect system to investigate how the size and
placement of circular defects affect propagating spin waves and their transmission. Simulations were performed on a 768 nm
wide Pywaveguidewith a defect diameter between 50 and 400 nm and a vertical displacement from the center of thewaveguide
every 50 nm towards the edge. To excite all frequencies, a broadband source was used.

It has been found that displacement and size changes have different effects on the transmission of spinwaves inwaveguides. Us-
ing the transmission spectrum for the waveguide with varying sizes and displacements of the antidot defect, we distinguished
three main areas. (i) In the low-frequency range up to 5 GHz, corresponding to the FMR frequency, we observe a change in the
maximum frequency of the transmitted wave with a change in the diameter of the antidot defect. As the defect moves toward
the edge, the transmittance of spin waves at low frequencies increases. These relationships can be used as a spin wave filter-
ing at low frequency part of the spectra. (ii) In the range from 5 to 12 GHz, the resonance effects with multiple transmission
maximums and minimums are observed which can be controlled by the defect placement. This interesting relationship shows
the ability of using the system for controlling transmission channels. (iii) As the size and displacement from the center of the
defect increase, the transmission amplitude decreases monotonously in high-frequency ranges above 12 GHz.

Our findings suggest that creating a defect in a waveguide is a viable method of controlling spin wave propagation, making it
a promising technique for various applications, as a filters or demultiplexers.

Acknowledgements:The research has received funding from the PolishNational Science Centre, project noUMO-2020/37/B/ST3/03936.
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Entanglement potentials are a promising way to quantify the nonclassicality of single-mode states. They are defined by the
amount of entanglement (expressed by, e.g., the Wooters concurrence) obtained after mixing the examined single-mode state
with a purely classical state; such as the vacuum or a coherent state. We generalize the idea of entanglement potentials to
other quantum correlations: the EPR steering and Bell nonlocality, thus enabling us to study mutual hierarchies of these non-
classicality potentials [1]. We test this concept on the platform of linear optics by combining our multi-purpose single qubit
decoherence channel [2] with a tubable two-qubit interaction gate. This experimental setup allows to observe a wide variety
of effects in accordance with theoretical predictions [3]. Instead of the usual vacuum and one-photon superposition states, we
experimentally test this concept using specially tailored polarization-encoded single-photon states. One polarization encodes
a given non-classical single-mode state, while the other serves as the vacuum place-holder. This technique proves to be exper-
imentally more convenient in comparison to the vacuum and a one-photon superposition as it does not require the vacuum
detection.

Acknowledgements: J.K. gratefully acknowledges the support from the project IGA_PrF_2023_005 of Palacky Universit
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More than a decade has passed since the first implementation of Cooper pair splitting (CPS) consisting of a superconducting
electrode tunnel-coupled with a double quantum dot system [1-3]. However, it had still not been possible to experimentally
confirm that the electrons from the Cooper pair separated in this way retain their quantum entangled state. We proposed a
theoretical model of a relatively simple experiment that would allow this to be clearly stated [4,5]. The theoretical proposals so
far were based in particular on measurements of current correlations (current noise), which is difficult to achieve for today’s
hybrid systems. We explored a general model of the CPS coupled to two spin-polarized or ferromagnetic detectors converting
spin information into charge information. We demonstrated that it is also possible to determine spin correlation by dc current
measurements in this system, which is much simple than current correlation measurements. In series of recent experimental
works [6-8] for the first time the direct measurement of the spin cross-correlations between the electron currents of CPS has
been reported using the dc current measurements as suggested in previous theoretical papers [5,9]. In one of experiments
authors use ferromagnetic split-gates [6], compatible with nearby superconducting structures, to individually spin polarize
the transmissions of the quantum dots in the two electronic paths, which act as tunable spin filters. In another experiments,
single and triplet pairing between spin-polarized quantum dots is measured, where this pairing is proximity-induced from
an s-wave superconductor into a semiconducting nanowire [7] or a semiconductor two-dimensional electron gas (2DEG) [8]
both with strong spin–orbit interaction. In these experiments [7,8] the presence of a magnetic field turns the dots into effective
spin-filters that allows to obtain information about the spin of the electrons forming the Cooper pair also from the direct current
measurements. Using these possibility of spin correlation measurements we in turn propose some next steps: an entanglement
test based on the Bell inequalities [4,5] and the entanglement witness approach [4,8].
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I will present a brief overview of relatively simple theoretical approaches developed in our Prague group in past several years
and applied to the problem of description of correlated quantum dots attached to the BCS superconducting leads. As a thor-
ough Quantum Monte Carlo analysis [1] of the experimental data [2] showed realistic experimental setups can be even quan-
titatively captured by the Single Impurity Anderson Model (SIAM) with superconducting leads. Pioneering semi-analytical
approaches have not matched the so far employed heavy numerical tools such as Numerical Renormalization Group (NRG)
and/or Quantum Monte Carlo (QMC) in the ability of quantitatively predicting the properties of this model. However, we
have shown recently that self-consistent perturbation expansion up to the second order in the interaction strength [3,4] yields
at zero temperature and for a wide range of other parameters excellent results for the position of the 0 - π impurity quan-
tum phase transition boundary and the Josephson current as well as the energy of Andreev bound states in the 0-phase. This
method can be also extended to the three-terminal situation with an extra normal lead corresponding to the experimentally
interesting STM setup [5], where it allows to study phase-dependent Kondo physics. Furthermore, we have discovered exact
identities connecting symmetric and asymmetric coupling situations which significantly reduce computational requirements
in experimentally generic asymmetric setups [6] and provided simple approximate analytical formulas for the fitting of the
phase boundaries from finite-temperature experimental data [7]. I will also briefly mention an exact mapping of a half-filled
superconducting SIAM onto a normal SIAM with a structured semiconducting lead which simplifies some technical aspects
of its NRG solution significantly [8,9] and a simple way of determination of the quantum critical point from finite-temperature
QMC statistics [10]. Finally, the most recent extensions of those methods to more quantum dots [11] or superconducting leads
[12] will be mentioned.
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Photon blockades are the bosonic analogues of well known Coulomb blockades for electrons. Systems in which photon block-
ades appear may be used for example as perfect single (or two) photon sources due to the fact that generation of one (or two)
photons blocks generation of more photons in the same system. For succesful blockades a presence of nonlinearity is necessary.

We will show that one of the possible sources of nonlinearity may come from the interaction with squeezed reservoir. Nonlin-
earity is also responsible for generation blockades and other effect related to quantum correlations in hybrid modes of opto-
mechanical system. Possible improvement of two-photon blockade via quantum interferencewithin a cavitywithmany emitters
will also be mentioned.
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Molecular magnets have been synthesized in the last decades in the hope of finding practical application in quantum comput-
ing or molecular electronics and to investigate quantum effects in nanoscale. Their properties are determined by the type of
magnetic ions and the molecular structure in which they are incorporated. Hybrid molecular magnets comprise at least two
different types of magnetic molecules coupled with each other, which should lead to new interesting properties and applica-
tions.

In this contribution we present magnetic and electronic properties of a family of hybrids (PcLn)n-V12O32 (n=1,2) consisting of
a vanadium core V12O32 coupled covalently to a phtalocyaniato lanthanide moiety (LnPc). By using combined experimental
(EPR, DC and AC SQUID) and theoretical (DFT, MD and model Hamiltonian approach) methods it is demonstrated that the
proximity of the molecules in solid state and in concentrated solutions induces partial reduction of V5+ centers due to the
electron transfer from Pc to V12O32. The intramolecular (through Ln) and intermolecular (through counter cations) electron
transfers can coexist in different proportions dependent on Ln. As a result an unpaired electron can be found delocalized over
V12O32 and/or at Pc. The research is carried out for Ln=Sm3+ - Er3+ and diamagnetic Lu3+ and Y3+, but we focus mainly on
molecules with n = 1 and Ln=Lu3+ or Ln=Dy3+ for which all the effects can be clearly demonstrated. The Dy3+ based hybrid
appears to be also a field induced single molecule magnet with a slow relaxation time of order 10−3 s. It has been also proven
that there is an interaction between a radical electron and Dy3+.

Our results open theway to further investigation of such hybrids, e.g. in electric field,which canpave theway to their application
in molecular electronics or spintronics.

Fig. 1: Hybrid molecular magnets (PcLn)n-{V12O32} consisting of vanadium core and one (n=1) or two (n=2) PcLn moieties.
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Information can be transmitted through either charge transport or wave phenomena. Wave-based technologies offer an alter-
native to power-consuming but easy-to-build electrical devices. Magnonics is a wave technology that utilizes spin-wave prop-
agation and is considered promising due to its capability to reduce Joule heating and enable the reconfigurability of magnonic
devices [1]. A core element, essential to the construction of magnonic devices and circuits, is the waveguide.

In this study, we focused on developing a multimodal waveguide that enables the propagation of spin wave modes. Bragg
mirrors, operating in frequency gaps, are widely used in optical waveguides [2]. Here, we propose the magnonic equivalent of
this type ofwaveguide.Weutilized aCoFeB layer as a conductor for spinwaves. The surface anisotropywas applied periodically
on the top and bottom faces of the layer, creating a pair of Bragg mirrors that confine the spin waves in a channel (waveguide)
between them. The width of the frequency gaps relies strictly on the strength of the surface anisotropy and the film thickness.
However, using too thin layer to create such a device is not possible, since the value of the group velocity decreases as the layer
becomes thinner. The interplay of these parameters allows for the design of a waveguide that supports strongly confinedmodes
that propagate with high group velocity. The proposed design is simple (requiring only the periodization of non-magnetic
materials) and resolves the issue of unwanted edge modes induced by demagnetizing effects.

Fig. 1: (a)On the top andbottom face of theCoFeB layer (of the thickness t= 6 nm),we applied the surface anisotropy
(KS=1.05 mJ/m2) in the periodically repeated (a = 100 nm) areas (red stripes of width 50 nm). These periodic
patterns form the pair of Bragg mirrors which confine the spin wave modes (magenta profile) in the waveguide.
(b) The group velocity (vg) of the spin wave modes propagating along the waveguide, is shown as a function
of the wave vector (kz). The 4th mode is plotted for kz>28 mm−1, since for smaller values of kz, the mode is not
confined by Bragg mirrors.
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Recent breakthroughs in experimental physics pave the way for the creation of intricate nanoscale devices featuring three or
more superconducting electrodes. Such multi-terminal systems differ markedly from conventional two-lead Josephson junc-
tions due to the supercurrent distribution into the constituent terminals. Exerting full phase-control leads then to a multitude
of practical applications.

In this talk, we explore the potential for using nanowires or carbon nanotubes in the central scattering region to enhance the
existing functionalities via the underlying quantum phase transitions. Our findings, as elucidated in [1], lay the foundation for
purely phase-controlled superconducting transistor and diode effects in three-terminal systems even in the absence of inter-lead
couplings. Proceeding with more complex architectures requires, however, development of new Numerical Renormalization
Group (NRG) methods to accommodate arbitrary gapped tunneling densities of states. This critical development, recently de-
tailed in Ref. [2], significantly expands our theoretical understanding, particularly in devices incorporating topological effects.
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A spin wave (SW) is a fascinating research object and a potential information carrier. One of the properties of SWs is that their
dynamics allows for easy access to nonlinear phenomena, e.g., confluence and stimulated splitting processes. Here, we examine
the interaction between an incident SW beam and SWmodes localized in the vicinity of the ferromagnetic film’s edge. During
nonlinear interactions between the incident SW beam and the localizedmodes, new beamswith shifted frequencies appear due
to confluence and stimulated splitting processes, see Fig 1. Here, we use two different approaches to obtain localized SWs, i.e.,
(i) using the demagnetizing field about the film’s edge [1] and (ii) placing a ferromagnetic strip directly over the edge of the
film. In the second approach, we employ a magnonic Gires-Tournois interferometer [2,3], which influences the localized mode
properties depending on the interferometer’s geometry and, thereby, allows access the modes that differ in quantization by the
strip’swidth. The result is two additional primary beamswhose frequencies are lowered and raised relative to the incident beam
by the frequency of the localized mode resulting from the stimulated splitting and confluence processes, respectively. In our
investigation, we compare the efficiency of the inelastic scattering processes for both types ofmode’s localization and investigate
the lateral displacement of inelastically scattered SW beams’ along the interface, see the inset in Fig 1. This phenomenon is an
SW analog to the Goos-Hänchen effect for inelastically scattered beams [4]. In both cases of mode localization, we show that
the stimulated splitting process has higher efficiency than the confluence process. Moreover, we demonstrate that the lateral
shift of the inelastically scattered beams depends on the edge mode frequency. Our research provides a better understanding
of nonlinear processes involving SW and may open new avenues for the development of magnonic systems using nonlinear
SW dynamics.

Fig. 1: Example of the inelastic scattering of a SWbeam (frequency 45GHz, green color) on an edgemode (frequency
11 GHz, orange color). The inelastic scattering results in creation of two new SW beams with new frequencies,
32 GHz (stimulated splitting process, red color) and 56 GHz (confluence process, blue color). The new beams are
also shifted spatially at the interface as shown in the inset.
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Weconsider various heterostructureswith conventional superconductors interconnected throughnanoscopic sampleswhere,
by the proximity effect, on can induce exotic forms of electron pairing. In particular, the setup comprising metallic strip embed-
ded into planar Josephson junction allows for realization of the topological superconductivity. We investigate its spectroscopic
properties manifested by the zero-energy boundary modes, propose feasible means for their detection by the spin-selective
Andreev spectroscopy and consider the localization effects driven by inhomogeneities or defects[1]. Topological phase is also
self-sustainedwhen classical magnets are brought in contact with superconducting substrates [2,3]. Other promising platforms
are related with the superconducting diode discovered in van derWaals heterostructures, where the superflow of Cooper pairs
is restricted solely to one direction [4], novel devices based on phase engineering of the anomalous Josephson effect from An-
dreev molecules [5] and superconducting nanostructures out of equilibrium.
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The adiabatic change of the wave vector in the momentum space leads to the acquisition of a geometrical phase. This phase,
calculated on a closed loop, is a topological parameter. In a 1D system, a loop for the geometric phase can be realized by
sweeping the wave number over the 1st Brillouin zone. To close the loop, we take advantage of the properties the Bloch function
in reciprocal space. Such phase is called Zak phase [1]. It characterizes each band of a 1D crystal and allows to relate the
topology of the band structure to the existence of surface/interface modes. The concept of the Zak phase, originally introduced
for electronic states, can be actually used for any kind of system where the stationary wave excitations are the solutions of a
linear differential equationwith periodic coefficients, i.e. expressed as Bloch functions. Therefore, the bulk edge correspondence
can be studied for 1D artificial crystals based on different physical platforms, e.g. for photonic, phononic, plasmonic crystals,
etc.

In thiswork, we discuss two separate problems concerning the edge/interfacemodes in 1Dmicrowave systemswith centrosym-
metric unit cell, where the Zak phase takes only the values 0 or π:

1) the topological criteria for the existence of interface modes at the junction of two planar magnonic crystals (joined at the
symmetry point) [2],

2) the non-existence of edgemodes in a 1Dmicrowave photonic crystal realized as amicrostrip ofmodulatedwidth (terminated
at symmetry points).
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We present a method to extract the Andreev bound state (or Yu-Shiba-Rusinov state) energies of a magnetic impurity coupled
to superconducting leads from imaginary-time results of the hybridization-expansion quantum Monte-Carlo method without
the use of any ill-defined analytic continuation technique like the maximum entropy method. We describe the system using
the superconducting impurity Anderson model and show that for low energies it maps on an atomic-like model. The relation
between the parameters of the original and the low-energy model model can be determined from the low-frequency behavior
of the self-energy calculated using the quantum Monte Carlo. We compare the results to zero-temperature numerical renor-
malization group data to show the limits of usability of the presented low-energy model [1]. This method can be also trivially
extended to multi-level systems.
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We investigate theoretically the out-of-equilibrium transport properties of a single-level quantum dot coupled to a normal
metal electrode and attached to a topological superconductor. Both voltage and thermal bias responses of the system in the
nonequilibrium regime are studied. To obtain transport characteristics we used the nonequilibriumGreen’s function approach.
Particularly, we calculated current and the corresponding differential conductance in two distinct cases. In the former situation,
the charge current is induced by applying a bias voltage, whereas in the latter case it is generated by setting temperature
difference between the leads with no bias voltage.
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Collective quantum measurements [1], which are measurements performed simultaneously on multiple copies of the inves-
tigated state, are an invaluable tool in quantum state analysis and were instrumental in practical implementation of several
entanglement witnesses [2] and in inferring quantum state purity or fidelity [3]. The key advantage of these measurements
lies in the projection of subsystems from different copies of the examined state onto a common entangled state (see nonlocal
projection in the conceptual diagram in Figure 1). Thanks to these nonlocal projections, collective measurements outperform
ordinary single-copymeasurements in terms of sensitivity (e.g., the volume of detected entangled states [4]) or in the efficiency
in achieving set tasks with fewer measurements [5].

We analyse [6] the adverse impact of white noise on collective quantum measurements and argue that such noise poses a
significant obstacle to the otherwise straightforward deployment of collectivemeasurements in quantum communications. This
effect was documented on the example of collectibility loosing the capability to detect entangledWerner states when noise level
exceeds 13%. We then suggest addressing this issue by correlating the outcomes of these measurements with quantum state
purity. To test the concept, a support vector machine is employed to boost the performance of several collective entanglement
witnesses by incorporating state purity into the classification task of distinguishing entangled states from separable ones. Our
findings indicate that the range of detected entangled states can be expanded by a significant percentage at a minimal cost
in sensitivity. Furthermore, targeting several sensitivity values and identifying the corresponding selectivity (or true positive
rate) allows us to reconstruct the entire receiver operating characteristic (ROC) curve, evaluating the method’s effectiveness in
terms of the area under this curve (AUC).

Fig. 1: Conceptual scheme of collective measurement with 1 nonlocal projection. Imperfections in the setup can be modelled by insertion of two
noisy channels. The effect of these channels can be described by two equivalent strategies: (a) the two states become noisy while the nonlocal
measurement remains perfect or (b) perfect unperturbed states are subject to imperfect nonlocal projection.
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We study the temperature-dependent self-organization of magnetic moments coupled to itinerant electrons in finite-size low-
dimensional nanostructures proximitized to a superconducting reservoir. In a one-dimensional system, an effective Ruderman-
Kittel-Kasuya-Yosida-type interaction between localized magnetic moments mediated by itinerant electrons leads, at low tem-
peratures, to their helical ordering. This ordering, in turn, affects the itinerant electrons, inducing a topologically nontrivial
superconducting phase that hosts Majorana end mods. The same mechanism can induce topological superconductivity also
in a ladder and in finite-width systems, though in these cases self-organized spin structures can be much richer than a simple
helix.
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Knowing themaximal vortex velocities is essential for assessing the energy relaxationmechanisms in superconductors and their
applications in superconducting single-photon detectors (SSPDs) [1]. These devices offer some of the best properties among
all available single photon detectors [2]. The dynamics of vortices at a few km/s velocities is furthermore interesting of itself,
because of the question regarding the ultimate speed limits for magnetic flux transport in superconductors and generation of
sound and spin waves in heterostructures [3]. Here, we investigate the current-voltage curves of single crystal MgB2 thin films
which have a comparably high critical temperature of around 30 K [4] and are interesting as potential materials for SSPDs. In
the regime of nonlinear conductivity, we investigate the escape of non-equilibrium electrons from the vortex cores and compare
the associated relaxation time of quasiparticles forMgB2 films of different structural quality and cappedwith a good-conductor
(Au) layer. The deduced parameters are discussed in the context of crossover from global to local instability models and the
application of MgB2 films in SSPDs [5].
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Exceptional points (EPs) are points in a parameter space, forwhich at least two eigenvectors of amatrix coalesce. There aremany
novel phenomena in vicinity of EP, because eigenvalues of the matrix coincide in EP in a non-linear way. EP can appear only
in a non-Hermitian matrix, and therefore, quantum systems described by non-Hermitian Hamiltonians have recently attracted
growing attention. EP calculated from a non-Hermitian Hamiltonian is called Hamiltonian exceptional point (HEP). It has
recently been pointed out [1] that a Liouvillian superoperator, which describes evolution of an open quantum system taking
into account also quantum jumps, can also be represented as a non-Hermitian matrix, and therefore, it is possible to calculate
EP also from Liouvillian (LEP). It has been shown that LEP is placed in the same point as HEP for semiclassical systems. Such a
semiclassical system is, for example, two linearly coupled dissipative quantum oscillators [1]. Here, we show that the position
of HEP is moved away from the position of LEP if the semiclassical system is placed in a thermal environment [2].
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Spin waves have the potential to play a key role in the future of information technology as they can carry information with
minimal energy losses. When it comes to integrated logic devices, it is generally most desirable to shrink them down to the
nanoscale. This enables more devices to be put on a single chip, resulting in increased computational power. For optimal per-
formance in nanoscale devices, the information-carrying wave must have a short wavelength. However, finding an efficient
source of such spin waves is still challenging. Parametric pumping seems to be a promising method of selective excitation and
amplification of short-wavelength spin waves [1, 2]. The advantage of this approach is that the accessible wavevectors of ex-
cited spin waves is not determined by the antenna geometry but instead by a threshold excitation power coming through it.
This allows for a selective excitation of spin waves across a wide spectrum of wavevectors.

We investigate the excitation of short wavelength spin waves by parametric pumping using an induction antenna and subse-
quent dynamics in a thin ferromagnetic layer. To analyse the spin waves, we utilize a Mie-enhanced micro-BLS, which allows
us to increase the detection limits [3, 4]. We observed parametrically pumped spin waves and explored their frequency de-
pendence of threshold power. The Mie-enhanced measurements also revealed a broader spin wave spectrum, which could be
possibly caused by nonlinear effects (see Figure 1). These exciting observations stimulate new subjects of interest for upcoming
research.

Fig. 1: Micro-BLS measurements where an intensity of parametrically pumped spin waves with certain frequency
was measured for different excitation powers. We compare measurements done on a bare thin ferromagnetic film
(on the left) and on a dielectric Mie resonators (on the right). One can see that the spin waves are excited only
from a certain threshold value of the excitation power which is frequency dependent. Also, a broadening of the
detection spectrum when utilizing the Mie resonators is clearly visible.

Acknowledgements: CzechNanoLab project LM2023051 funded by MEYS CR is gratefully acknowledged for the financial support of
the measurements/sample fabrication at CEITEC Nano Research Infrastructure.
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Over the past two decades, utilizing spin currents that are streams of spin-polarized up or down electrons has revolutionized
computer memory storage. This advancement, driven by the giant and tunnel magnetoresistance effects, has propelled the
information technology era forward significantly. Graphene, a remarkable two-dimensional crystal, stands out as an exceptional
platform for transporting spin-polarized electrons, enabling spin communication across impressive distances, even exceeding
tens of microns at room temperature [1]. In this presentation, I aim to delve into spin transport in graphene on alternative
substrates. Specifically, I will explore how the exceptional resilience of graphene can be utilized to create flexible spin circuits,
showcasing the potential for highly effective spin transport over bendable substrates for the first time [2].Moreover, our research
has uncovered an extraordinary spin communication span of 45 µm and achieved the longest recorded spin diffusion length
of 13.6 µm in graphene on SiO2/Si at room temperature [3]. This comprehensive demonstration of high-performance spin
transport not only underlines the significance of commercial polycrystalline CVD graphene for spintronics but also opens
doors for exploring novel functions of spin currents and developing large-scale spin-computing circuits in practical research
and development.
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Synthetic antiferromagnets (SAFs) recently attracted a lot of attention in the magnonics community, as they can provide addi-
tional degrees of freedom for spin wave dispersion engineering compared to conventional ferromagnetic systems [1],[2]. One
of the most prominent features of dispersion relation in SAFs is non-reciprocity caused by the dipolar field interaction between
the layers [3]. Spin wave non-reciprocity and symmetry breaking in material systems are of fundamental interest and can
also be exploited in practical magnonic applications, such as diodes or circulators. We report on experimental observation of
unidirectional propagation of zero-momentummagnons in synthetic antiferromagnet consisting of strained CoFeB/Ru/CoFeB
trilayer [4]. Inherent nonreciprocity of spin waves in synthetic antiferromagnets with uniaxial anisotropy results in smooth
and monotonous dispersion relation around Gamma point (see Figure 1b), where the direction of the phase velocity is re-
versed, while the group velocity direction is conserved. The experimental observation of this phenomenon by intensity-, phase-
(see Figure 1c,d), and time-resolved Brillouin light scattering microscopy is corroborated by analytical models and micromag-
netic simulations. The unusual dispersion relation offers many possibilities for further investigations of e.g., propagation of
wavepackets with bidirectional phase velocities, or spin wave accumulation on domain boundaries. In practical applications
such unidirectional system can pave the way towards designing new non-reciprocal elements for signal processing and uncon-
ventional spin-wave computing.

Fig. 1: (a) Schematics of the experiment and unidirectional excitation of spin waves with positive and negative
wavevectors. (b) Due to the linear dispersion, the group velocity direction is not changed upon the reversal of
wavevector direction. (c,d) Phase velocity reversal upon Γ point crossing. Spin-wave intensity (blue squares) and
spin-wave phase (black squares) at 1.8 GHz and 2.6 GHz.
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One of the primary advantages offered by spin waves for operations on data is a rich palette of nonreciprocal phenomena,
implying that spin-wave propagation in opposite directions has different properties. The current great interest in quantum
magnonics [1] stimulates the exploration of spin waves at cryogenic conditions and in environments of superconductors [2],
see the phase diagram in Fig. 1(a). In this regard, the combination of magnonic materials with superconductors allows for use
of structures with vanishingly small electrical resistance for spin-wave control. In such heterostructures, nonreciprocal spin-
wave generation and scattering in ferromagnet (F) can be induced by Meissner screening currents and nonreciprocal motion
of the Abrikosov vortex lattice in superconductor (S).

In this talk, a selection of nonreciprocal phenomena in S/F heterostructures will be discussed. First, the propagation of spin
waves in a ferromagnet/superconductor Py/Nb heterostructure is non-reciprocial because of the Bragg scattering of spinwaves
on a moving vortex lattice, which is accompanied by the Doppler effect [1]. Second, the introduction of a periodic array of
asymmetric vortex pinning sites breaks symmetry in their motion under transport current polarity reversal, thus resulting in
further non-reciprocal features (so-called “ratchet” or diode effect) in the magnon frequency spectra [4]. Finally, in the regime
of vortex dynamics at a few km/s, nonreciprocity stems from the unidirectional excitation of spin waves by dc-driven fluxons
via a Cherenkov-typemechanism [5], see Fig. 1(b). Overall, the selection of findings emphasizes the functionalities of cryogenic
magnonics which go far beyond those at room temperature.

Fig. 10
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Hamiltonian exceptional points (HEPs) are degeneracies of non-Hermitian Hamiltonians for classical and semiclassical sys-
tems, which usually exhibit both dissipation and amplification. However, this definition ignores the effect of quantum jumps
on the evolution of quantum systems. Quantum Liouvillian exceptional points (LEPs), defined as degeneracies of quantum
Liouvillians, are natural generalizations of the standard semiclassical HEPs by including the effect of quantum jumps [Min-
ganti et al., Phys. Rev. A 100, 062131 (2019)]. Here we explicitly describe how standard quantum process tomography, which
is a popular method to reveal the dynamics of a quantum system (a black box), can be readily applied for revealing and char-
acterizing LEPs of non-Hermitian systems. We analyze a prototype model of a single qubit decaying through three competing
channels to show how to tune their system parameters to observe LEPs, although themodel does not exhibit HEPs. Specifically,
we tomographically reconstructed the corresponding experimental Liouvillian and its LEPs by applying single- and two-qubit
operations on an IBM quantum processor.

Acknowledgements: This work was supported by the Polish National Science Centre (NCN) under the Maestro Grant
No. DEC-2019/34/A/ST2/00081.
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In recent years, magnon-based computing has been intensely investigated as a promising candidate to complement and surpass
CMOS-based technologies [1].Many of the basic logic devices have already been demonstrated experimentally [2, 3]. But so far,
no complex magnonic circuit has been experimentally realized, because the steering of spin waves, which is essential for two-
dimensional chip design, is a major challenge [4]. If an external magnetic field is used to stabilize magnetization in the plane of
a thinmagnetic waveguide, even a basic circuit element such as a spin-wave turn shows a large dispersionmismatch for regions
before and after the turn, and thus exhibits huge energy losses. We tackled these challenges by locally controlled effective field,
which stabilizes themagnetization of different parts of themagnonic circuit in the desired direction and enables us to excite spin
waves in arbitrary modes. Usually-used Damon-Eshbach mode exhibits significant overturning [Fig. 1(a)], while the caustic
direction allows us to match both, spin-wave group velocity and frequency and prevents dispersion mismatch and reflections
from boundaries [5], see Fig. 1(b). In the presented experiments we use corrugated magnetic thin films and waveguides to
locally control the effective field [Fig. 1(c, d)]. The surface curvature in the films locally modifies the contributions of dipolar
and exchange energies and can be described as an effective uniaxial anisotropy term that is perpendicular to the corrugation
direction [6]. The direction of the anisotropy axis can be spatially controlled, and arbitrary magnetization landscapes can be
created on demand. Using this approach, one can design non-trivial magnonic circuits functioning without the need for an
external magnetic field and pave the way towards complex magnonic circuits and all-magnon data processing.

Fig. 1: Spin waves propagating through bend waveguides in (a) DE geometry, (b) caustic direction. (c) Magnetiza-
tion landscape in zero external field. (d) Scanning electron microscope image of a corrugated waveguide and its
topography acquired by atomic force microscopy (inset).
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Advances in Brillouin light scattering (BLS) spectroscopy allowed to study and develop first generation of magnon devices
and is one of the main reasons why magnonics became one of the most promising candidates for “beyond CMOS” technol-
ogy. However, further development and especially miniaturization is needed to bring spin-wave devices to real application.
Here, BLS is limited momentum conservation in probing short wavelength magnons. This can be described by the condition:
ki=kr+km, where ki (kr) is wavevector of the incident (reflected) light and km is wavevector of the magnon [1]. Thus, in
the back-scattering geometry, the maximal wavenumber of spin waves, which can be detected, equals twice the incident light
wavenumber. In micro-focused BLS situation is even more complicated and require precise modelling. To tackle standard BLS
limitation, we propose a novel way of detecting short-wavelength spin waves beyond the fundamental limitation of the BLS
[Fig. 1 (a), (b)]. We employ Mie resonance-based dielectric nano-resonators to localize and amplify the incident electric wave
[2,3]. We were able to increase the maximal detectable wavevector approx. three times [Fig. 1 (c), (d)]. We have also demon-
strated phase-resolved experiments, were we reconstructed dispersion relation up to 30 rad/µm.

Fig. 1: (a) Schematics of the nano-resonator enhanced BLS. (b) Schematics of the Stokes processes during the BLS
mediated by the localized resonances. (c) BLS experimental data for bare film (top panel) and dielectric nanores-
onator (bottom panel) fitted by the model based on the gaussian detection function of BLS. (d) Left axis: fitted
detection function of conventional BLS (black) and nano-resonator enhanced BLS (red). Right axis: calculated dis-
persion relation of a Permalloy thin film of Damon-Eshbach (DE) and backward volume (BV) modes.

Acknowledgements: CzechNanoLab project LM2023051 funded by MEYS CR is gratefully acknowledged for the financial support of the
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Sustainability in an industry dependent on the synthesis of metallic materials requires reliable access to affordable raw ma-
terials and improvement of energy efficiency of final products. For instance, development and reduction of synthesis cost of
permanent magnets, which are widely used in many areas, are of the highest importance nowadays. The best known ones
characterized by the highest energy product are based on rare earth elements, such as Sm or Nd, with well-known representa-
tives in Nd2Fe14B, Sm2Co17 or Sm2Fe17N3. The range of new compositions (e.g. Hf2Co11B, MnBi, Mn50Bi49Pd) and possible
applications is broad and still growing. With the development of new phases and the improvement of intrinsic and extrinsic
properties [1, 2], permanent magnets are still implemented in a rather trivial way, as a replacement of electromagnets, in loud-
speakers and actuators, but also find more sophisticated applications in magnetic resonance imaging, in information storage
devices, magnetic levitation, as bearings, or as miniaturized magnetic field sensors.

Current research driven by a strong demand for magnetic cooling as an environmentally friendly and efficient technology,
focuses on such systems as amorphous and nanostructured bulk materials, as well as thin films, multilayers, and quantum
dots. The solutions based on these systems are also realizations of the idea of energy harvesting associated with the search
for new methods for efficient energy production and cooling or heating processes. There has been great interest in new high
performancemagnetocaloricmaterials characterized by highmagnetic entropy and adiabatic temperature changes. Usually, the
refrigeration capacity of softmagnetic amorphousmaterials ismuch higher than that of their crystalline counterparts. Although
the values of entropy changes at the transition temperature for amorphousmaterials are lower than those of crystalline systems,
a higher refrigeration capacity and excellent mechanical properties still make them attractive candidates for further studies as
candidates for magnetic refrigeration systems [3].
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Wepresent a new approach to generative quantummachine learning and describe a proof-of-principle experiment demonstrat-
ing our approach. We call our proposed approach quantum synergic generative learning [1] because the learning process is
based on the cooperation between the generators and the discriminator. The goal of the learning is for the quantum computer
implementing the generative learning algorithm to learn a concept of a Bell state. After the learning process, the network is able
to recognize as well as generate the entangled state. We compare our approach with the recently proposed quantum generative
adversarial learning (QGAN) [2]. We present numerical proofs, obtained using quantum simulators, for single qubits as well
as more qubits, and we also present experimental results obtained on a real programmable quantum computer [3].

We propose a different type for quantumGANmachine learning, simplifying the training process compared to the conventional
QGAN method. Leveraging the reversibility of the discriminator, we use properties like relative entropy and time reversal in
unitary transformations. Throughout the learning phase, our objective is to minimize the cost function while ensuring the
correct functioning of the discriminator.

Acknowledgements: Support from National Science Centre in Poland under Grant No. DEC-2019/34/A/ST2/00081 is acknowledged.
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Westudyfinite-temperature properties of ultracoldmixtures of alkaline-earth-like atoms in state-dependent quasi-two-dimensional
optical lattices that can be effectively described by the two-band Hubbard model. We use the Dynamical Mean Field approach
(DMFT) with Local Density Approximation (LDA) to include the effects of a (harmonic) trap, which is inevitably present in
all experiments with ultracold gases on the lattices, and to obtain the real-space distributions of the density of particles, local
order parameters and other local physical observables relevant for the experiments.

In certain ranges of densities, we investigate the stability of different possible strongly correlated phases of the atomic system.
We estimate the critical temperature below which these phases occur. In order to account for the proximity effects that are
usually present at the boundaries between phases in strongly-correlated systems, we extend our analysis using the real-space
generalization of DMFT.
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The nonreciprocity effect in the propagation of spin waves (SW) is a phenomenon that enables the development of devices
such as diodes or circulators [1], which are essential components in signal processing applications. Several theoretical and ex-
perimental studies have already demonstrated the nonreciprocity effect in the propagation of SW in thin layers [2, 3]. Typically,
this effect is achieved by creating an interface between a ferromagnet and either an oxide or a heavy metal which introduce the
interfacial interaction called Dzyaloshinskii-Moriya interaction (DMI) [2]. In all cases, it is achieved by creating an asymmetry
in magnetization between the lower and upper layers of the ferromagnetic film, which are oriented parallel to the external
magnetic field. The wavevector is perpendicular to the inplane magnetization, a configuration known as the Damon-Eshbach
Configuration (DEC). Previously, this asymmetry was primarily achieved using the DMI or by creating a gradient in magne-
tization saturation [3]. In my research we focus is on achieving and enhance of SW non-reciprocity by employing a curved
geometry, what’s we already showed in ours previews study about SW dynamics in crescent-shaped ferromagnetic nanorods
(CSN) [4]. Asymmetry in magnetization was introduced by giving to the ferromagnetic waveguide crossection shape with
curvature, where the asymmetry axis which is parallel to the orientation of the external magnetic field. The curvature nanorod
geometry have interesting properties for the applications according recent development of new fabrication techniques, which
allow the fabrication complex structures with curvature at the nanometer scale. CSN exhibits nonreciprocity at high external
magnetic fields, up to 3 Tesla, because to its inherent shape anisotropy,maintaining nonlinearmagnetization. This phenomenon
allows us to achieve high resonant frequencies (up to tens of GHz), and non-reciprocity based not only on frequency differences
between negative and positive wavevectors but also based on intensity, what has not been present for ferromagnetic nanotubes
(NT).

Fig. 1: The left panel displays the dispersion for NT with azimuthal orientation of the external magnetic field. The
right panel shows the case for CSN in the presence of a high-magnitude external magnetic field.
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Surface acoustic waves (SAWs), i.e., phonons (quasiparticles of SAWs) are acoustic waves propagating along the surface of
an elastic material with decreasing amplitude with the depth of the material [1]. SAW-based devices have become an integral
part of our daily lives [2]. They may also have potential applications in future spintronic devices if coupled with other waves
(e.g., spin waves (SWs)) and/or quasiparticles. So, it is quite important to understand the coupling of phonons with other
quasiparticles to enhance the coupling efficiency, especially in magnetic thin film heterostructures such as CoFeB/MgO, one of
the most promising materials for future spintronics applications [3,4]. As a first step it is important to understand how elastic
parameters of magnetic heterostructures and properties of acoustic phonons evolve with the CoFeB layer thickness.

Here, we have investigated SAWs in CoFeB/MgOmultilayers by probing thermally generated acoustic phonons by Brillouin
light scattering (BLS) spectroscopy to find out effective elastic parameters of themultilayers with varying CoFeB thickness. The
multilayer structures: Ta(10)/Co20Fe60B20(t=1 to 20)/MgO(2)/Al2O3(10) are deposited on Si[001]/SiO2(700) substrates (the
numbers in parentheses are the nominal thicknesses of layers in nm).We observe that the group velocity of Rayleigh type SAWs
decreases with increasing CoFeB layer thickness and the phase velocity of Rayleigh waves is lower in studied multilayers as
compared to Si/SiO2 substrate. The experimental results are supported with Finite element method (FEM) based simulations,
which helped us to estimate the elastic parameter of the CoFeB layer. Additionally, we estimate the effective elastic parameters
(elastic tensors, Young’s modulus, Poisson’s ratio) of the whole stacks for varying CoFeB thickness. Interestingly, the simulated
dispersion characters of SAWs with both types of parameters show very good agreement with the experimental results. These
estimated elastic parameters will be quite useful to investigate magnon-phonon interaction in CoFeB/MgO heterostructures.

Acknowledgements: SS would like to thank Adam Mickiewicz University for funding this project under IDUB
(Grant no. 054/13/SNŚ/0031). BR acknowledges NCN SONATA-16 project with grant number 2020/39/D/ST3/02378. All the authors
sincerely thank Prof. YoshiChika Otani, Dr. Katsuya Miura, Dr. Hiromasa Takahashi for providing thin films for the study.
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The well known BCS theory of superconductivity presents the Cooper pair of electrons having a net zero spin (S=0). On the
other hand, the unconventional superconductors[1] can exhibit electron pair with non zero angular momentum, triplet spin
pairing and anisotropy in the superconducting gap parameter. As the electron-phonon interaction is responsible for conven-
tional BCS (s-wave) superconductors, the phenomenological reason for triplet superconductors is not uniquely defined. The
production, tunability and interaction with magnetic order of such finite spin supercurrent is crucial to the spintronics de-
vices[2].

In this work, we evaluate the spin dependent charge/heat transport in a hybrid structure of quantum dot coupled to triplet
superconductor of chosen phase(s) and ferromagnetic electrodes. Our approach is theoretical and computational in nature. The
analytical method of non-equilibrium Green’s function is employed to calculate the observables. Since this is a three terminal
device, both local and non-local transport coefficients[3] such as electrical conductance, thermopower, thermal conductance
are presented. In the system driven out-of-equilibrium and in non linear response regime, we investigate the prospects of this
device to function as a particle exchange heat engine and present the obtainable power and efficiency. It is possible that the
triplet superconductor breaks time reversal and point group symmetry and thus we evaluate how this affects the transport
properties in the system.
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Nagaoka ferromagnetism is a type of ferromagnetic ordering predicted theoretically in a near half-filled band [1]. Although
predicted more than half a century ago, its occurrence has never been confirmed experimentally in any material and has only
recently been found in a quadruple quantum dot system [2]. This observation has stimulated further research on signatures
and robustness of Nagaoka ferromagnetic states in quantum dot nanostructures [3, 4]. To deepen our understanding, we study
this type of ferromagnetism in the context of the proximity effect of s-wave superconductor that is coupled to a quadruple
quantum dot array. For energies much smaller that the superconducting energy gap, the tunnelling in the considered system
occurs viaAndreev bound states in the processes of direct and crossedAndreev reflections. Since theCooper pair consists of two
electrons of opposite spins, Andreev reflections compete with Nagaoka ferromagnetic order leading to complex behaviour of
themagnetic ground state of the system. In the presentation, we show the relevant phase diagrams of the system’s ground state,
considering on-dot Coulomb interactions and Cooper pair tunneling rate, examining direct and crossed Andreev reflections,
and exploring scenarios involving both mechanisms. We show that the the system’s phase strongly depends on the ratio of
Coulomb correlations and strength of direct and crossed Andreev reflections.

Acknowledgements: This study is funded by National Science Centre in Poland through the project no. 2022/45/B/ST3/02826.
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The phenomenon of quantum entanglement has been shown to benefit computation, secure communication, and metrology.
These potential benefits have recently gained some attention in the area of batteries [1]. Entangling operations, according to
Alicki and Fannes [2], led to higher work extraction from an energy storage device, which they named a "quantum battery"
(QB). QBs are formally described as d-dimensional quantum systemswith non-degenerate energy levels fromwhichworkmay
be reversibly extracted - and energy can be reversibly deposited - using cyclic unitary operations [3].

Wewill present the advantages of quantumbatteries over classical batteries and how energy dissipation affects the performance
of quantum batteries.
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In the field of non-Hermitian quantum mechanics, Liouvillians and their exceptional points (EPs) represent an intriguing
area of exploration, particularly in the context of an open quantum systems. Inspired by theoretical frameworks from recent
literature, our research focuses on the experimental investigation of Liouvillians with the use of a platform of linear optics. The
goal is to observe and analyse EPs and their immediate surroundings, contributing to a deeper understanding of their role and
potential in quantum information theory.

Acknowledgements: J.H. gratefully acknowledge the support from the project IGA_PrF_2023_005 of Palacky University

67 of 80



ISQI Symposium 2024

BEHAVIOR OF EDGE AND BULKMODES IN AN ANTIDOT LATTICE EXHIBITING
PERPENDICULARMAGNETIC ANISOTROPY

M. Moalic1, M. Zelent1 and M. Krawczyk1

1 Department of Nanostructures, Institute of Spintronic and Quantum Information, Adam Miczkiewicz University, Uniwersytetu Poz-
nańskiego 2, Poznan, 61-614, Poland

Magnonic crystals (MCs) demonstrate remarkable capabilities for controlling the transmission of spin waves (SWs). Their
ability to create and steer SWs offers the potential for the development of magnonic devices that outperform optical devices
in spatial efficiency and surpass current electronic devices in energy efficiency. Our research specifically concentrates on ex-
amining a unique MC structure in a thin film, composed of eight layers of alternating Co (0.75nm) and Pd (0.9nm) bilayers,
culminating in a cumulative thickness of 13.2 nm [1]. This specific arrangement, comprising a ferromagnetic and a heavymetal
layer, establishes a strong perpendicular magnetic anisotropy (PMA). This PMA is notably significant for its contribution in
making SW dispersion isotropic. During the manufacturing of this thin film, a pattern of antidots was meticulously created
at uniform intervals by precisely etching out nanodots using a 10nm wide focused ion beam. This process not only involved
the removal of material but also brought about modifications in the nearby areas of each antidot, resulting in the formation
of a ’rim.’ These changes notably influenced the magnetic characteristics, especially the PMA, causing the magnetization near
the antidot edges to align nearly in-plane. As shown in Fig. 1, the foundational state of a circular antidot displays magneti-
zation around its edge ring, forming a vortex-like structure.To thoroughly examine the interplay between localized and bulk
modes within the film, we conduct micromagnetic simulations. Our initial investigation focuses on stationary SWs, where we
adjust the excitation field and the strength of the externally applied static magnetic field, which is oriented perpendicularly.
This adjustment enables us to explore the SWmodes in both the rim and bulk areas. We then explore the dynamic interactions
between the rim and bulk areas, uncovering collective dynamics within the lattice, as depicted in Fig. 2. These insights are
highly promising for future advancements in magnonic technologies.

Fig. 1: (a) Magnetization in the magnonic crystal. (b) Resonance spectra of spin waves depending on the saturating
field.
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The phenomenon of nonreciprocity in wave dynamics refers to a scenario where the dispersive properties of waves are influ-
enced by the direction of wave propagation. This results in waves traveling in opposite directions exhibiting different wave-
lengths at the same frequency. This unique behavior has been detected in multilayers combining heavy metals and ferromag-
nets, and induced by interfacial Dzyaloshinskii-Moriya interactions (IDMI) [1]. It is also evident in dipolarly coupledmagnetic
bilayers [2]. Beyond traditional applications of spin waves, the introduction of nonreciprocity opens new possibilities in areas
like communication technology and logical operations, offering additional functionalities. Creating a multi-layered structure
from alternating films of ferromagnet (Co) and heavy metal (Pt), with 22 repetition, allows for introducing IDMI and perpen-
dicular magnetocrystalline anisotropy (PMA) in the system, which also modify the magnetization dynamics [3]. This research
focuses on explaining surpassingly strong nonreciprocity measured experimentally by means of Brillouin light spectroscopy
(BLS) with the use of micromagnetic simulations. The propagation of spin waves in a sample magnetized with magnetic fields
of different amplitudes has been studied experimentally. Accordingly, the dispersion of spin waves propagating in both uni-
formly magnetized and magnetized in an aligned stripe domain pattern were measured, with propagation along and across
the direction of periodicity measured for the second scenario. The dispersion relation extracted from the BLS measurements
show a strong nonreciprocity in the system. The results are counter-intuitive because the nonreciprocity caused by the IDMI
is expected when there are two different materials are present on the top and bottom surfaces of the ferromagnetic layers, in
our case we have a nominally symmetrical multilayer composition. Moreover, the spin wave propagation in the stripe domain
pattern also has some interesting features like bias exchange interaction. We explain these results numerically, using mumax3
simulations and propose a model of a structure that displays the same characteristics as the measured sample. In the proposed
model the dipolar interactions are the cause of significant nonreciprocity in the system. Moreover the first dispersion band
displaying the biggest nonreciprocity corresponds to two different bands contributed by the spin waves propagating in two
different directions.
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The Ginzburg-Landau (GL) theory provides a phenomenological description of type II superconductors. It allows to describe
the processes of nucleation and ordering of magnetic field vortices in the mixed state. In confined geometries, the induction of
vortices and their arrangement depend not only on the material parameters of the superconductor (e.g. the correlation length,
which determines the size of the vortices) and the external field (which determines the distances between the vortices), but
also on its shape and dimensions.

In this study, we simulate the mixed state in a superconducting wire of infinite length, with the external field applied along its
axis. We study how the shape of the wire cross section and its size affect the arrangement of the vortices for different values of
correlation length and external field. We also study how these geometric factors affect the nucleation of vortices and how they
impact the first critical filed.

We solved the time-dependentGL equations numerically using the finite elementmethod.We implemented theGL equations in
ComsolMultiphysics using a 2Dmodel. Our studieswere supplemented by 3D calculations of thewires of finite length. For both
the 2D and 3D models, we studied a two-domain system where the superconducting domain of compact shape is embedded
in a large non-magnetic and non-conducting surrounding. The presence of this surrounding is of particular importance for the
proper description of the stray field produced by the superconductor, which, in turn, is crucial for the formation and ordering
of the magnetic vortices.

Our future research aims to expand our exploration to ferromagnetic-superconductor heterostructures, investigating how vor-
tices affect magnetization dynamics and magnetic domain behavior in the ferromagnetic layer. The presence of vortices can
cause significant alterations in local magnetic fields and interactions, potentially reshaping ferromagnetic properties, spin tex-
tures, and magnetic ordering at the ferromagnetic material.

This investigation aims to enhance our understanding of vortex behavior, with the promise of improving superconducting
materials for a wide range of technological applications. Insights from this research facilitate the development of improved
superconducting devices, advanced energy transmission technologies, and potential breakthroughs in manipulating magnetic
interactions at the nanoscale.
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The effective exchange interaction betweenmagnetic impurities, mediated by the conduction electrons of the underlying lattice
(Ruderman-Kittel-Kasuya-Yosida interaction [1]) has been studied in a multitude of systems and scenarios. In bipartite lattices
(as e.g. square or honeycomb lattices) this interaction is (anti) ferromagnetic if the impurities reside on the (opposite) same
sublattice [2]. It is interesting to see if the substrate can also mediate interactions between four adsorbates, such as those ap-
pearing as higher order terms in the Hubbard expansion [3]. Using perturbation theory for the thermodynamic potential, we
show how the so called ring exchange can be induced between four impurities coupled to a square lattice substrate.
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A magnetic profile propagating in space can be a source of spin waves in magnetic materials [1]. Using type II superconduc-
tors, in which the magnetic vortices can be moved by a flowing current, we can practically realize this idea. In a ferromag-
net/superconductor (F/S) hybrid system composed of the ferromagnetic layer and the type II S layer (placed near F), the
magnetic field of the moving vortices generates the spin waves [2]. While the velocity of the moving vortices is comparable or
even higher than the phase velocity of the spin waves, the Cherenkov effect of the spin waves can be observed [3].

The aim of this work is to perform the numerical simulation of spin-wave propagation (and spin-wave Cherenkov) in the F/S
hybrid system. We assumed a specific shape of the field generated by the vortex [4] and observed the induced spin waves for
a given value of the vortex velocity. We performed micromagnetic simulations using MuMax3 solver and the output data were
post-processed using Phyton codes.
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The field ofmagnonics is dedicated to the study of spinwave dynamics and their practical applications. PerpendicularMagnetic
Anisotropy (PMA) is a phenomenon observed in various magnetic materials, generating considerable interest for its potential
applications in the development of advancedmagnetic recording devices. Thin CoFeB layers represent one suchmaterial where
the PMA effect is particularly notable, especially in the context of their reduced thickness. This study presents experimental
investigations into the PMA effect in thin CoFeB layers, emphasizing the presence of a nuanced magnonic band structure. The
magnetic properties of thin layers are highly contingent on their thickness, with an escalation in thickness resulting in the
diminishing of the PMA effect. The findings, employing Brillouin Light Scattering (BLS), provide a quantitative assessment
of magnon energy in thin magnetic layers (CoFeB) deposited on a Si substrate. Extracted dispersion relations of spin waves,
along with an exploration of nonlinear effects, offer insights into the system’s behavior relative to the thickness of the magnetic
layer, revealing anomalous dispersion characteristics.
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Dynamical buildup of spin-singlet correlations between the two quantum dots is investigated by means of the time-dependent
numerical renormalization group method. By calculating the time evolution of the spin-spin expectation value upon a quench
in the hopping between the quantum dots, we predict a nonmonotonic buildup of spin-singlet state. In particular, we find that
in short timescales the effective exchange interaction between the quantum dots is of ferromagnetic type, favouring spin-triplet
correlations, as opposed to the long-time limit,when strong antiferromagnetic correlations develop and eventually an entangled
spin-singlet state is formed between the dots. We also numerically determine the relevant timescales and show that the physics
is generally governed by the interplay between the Kondo correlations on each dot and exchange interaction between the spins
of both quantum dots. Finally, we qualitatively compare our findings with results predicted for single quantum dot system.
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M. Zelent1, S. K. Jena2,3,4,5, M. Moalic1 and A. Wawro2

1 Institute of Spintronics and Quantum Information, Faculty of Physics, Adam Mickiewicz University, Poznan, Poland
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3 Jerzy Haber Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences, Krakow, Poland
4 Institute of Ion Beam Physics and Materials Research, Hemholtz-Zentrum Dresden-Rossendrof, Germany
5 Bilakankuda, Kapilewsarpur, Puri, Odisha, India

Magnetic skyrmions, topologically protected nanoparticles, are stabilized by the interfacial Dzyaloshinskii–Moriya interaction
(iDMI). This interaction occurs in heterostructures composed of magnetic materials coupled with heavy metals, which exhibit
high spin-orbit coupling. We have observed a zero-field (remanence state) magnetic skyrmion lattice that can be immobilized
by applying an inclined saturation magnetic field to the sample using different protocols. The stabilization of skyrmions at
remanence was noted when the field was tilted at an angle (Θ < 45◦) for samples with (Q > 1), and Θ > 45◦) for (Q<1),
where (Q) is defined as the ratio of uniaxial anisotropy to demagnetization energy, and (Θ) is the angle between the normal
to the sample surface and the applied external field. The maximum number of skyrmions observed at remanence was equal
to ( 470

25µm2 ) for the [Re(1nm)/Co(0.8nm)/Pt(1nm)]20 sample. To reproduce the experimental results, we developed a new
micromagnetic simulation approach, specifically a new stabilisation algorithm. This allows us to more precisely simulate the
complex remagnetization process. This approach yielded a high degree of correlationwith the experimental data. Specifically, it
accuratelymodelled the remagnetization process of the samples and provided a quantitative analysis of skyrmion nucleation as
a function of both the angle and intensity of themagnetic field. In this study, we demonstrated a newway to stabilise skyrmions
in the presence iDMI in the wide thickness of Co with non-zero iDMI and stabilisation of skyrmion lattices can be useful for
fundamental study of future spintronics and skyrmion technology in data storage medium.
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RESONANT 2-PARTICLE STATES IN THE EMPTY LATTICE LIMIT

M. Bąk1

1 Institute of Spintronics and Quantum Information, Faculty of Physics, Adam Mickiewicz University in Poznań, Uniwersytetu Poz-
nańskiego 2, 61-614 Poznań, Poland

BCS theory goes over to a problem of two electrons in an empty lattice in the extremely low-density limit. The two electrons
form a bound state in the models with attractive interaction under certain conditions. The problem can be solved exactly via
lattice Green’s functions. A pedagogical review describing the properties of these states appeared recently [1]. If such states
enter the band, their lifetime becomes finite, and the states become resonant. They are much less examined. In the present
work, the T-matrix is calculated for the resonant pairs of different symmetries in the extended Hubbard model. The relative
robustness of the pairs in the d-wave symmetry channel is shown respectively to other symmetry channels. The results may
have implications for superconductivity, particularly within the resonant Boson-Fermion model [2].
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MAGNONIC PROPERTIES OF GYROIDAL FERROMAGNETIC NETWORKS

M. Gołębiewski1 and M. Krawczyk1

1 Institute of Spintronics and Quantum Information, Faculty of Physics, Adam Mickiewicz University, Uniwersytetu Poznańskiego 2,
61-614 Poznań, Poland

Fig. 1: A geometric model of the gy-
roid unit cell.

The exploration of three-dimensional networks in magnonics opens new avenues for
spinwavemanipulation and control, offeringmajor advances in the field. Among these
structures, gyroids – characterized by their chiral triple bonds and periodicities in all
spatial directions (Fig. 1) – stand out as particularly promising yet underexplored
in magnetism research. In our study, we have successfully fabricated nickel gyroid
nanostructures through a meticulous process involving thermal annealing of a block
copolymer template, selective dissolution, and electrodeposition. The orientation of
these gyroid networks relative to the static magnetic field axis proved to be critical,
as evidenced by broadband ferromagnetic resonance measurements, which revealed
a significant influence of crystallography on spectral signals and their linewidth. To
complement these findings, we used a finite element solver [1], tetmag, to perform
micromagnetic simulations of the gyroid systems. These simulations provided deeper
insights into the experimental results and revealed that the gyroid networks have sig-
nificant metamaterial-like effects on the magnetic properties, such as tunable effective
values of Ms and g-factor, and influence on the Gilbert damping parameter [2]. To fur-
ther research, I have performed new micromagnetic simulations using Comsol Mul-
tiphysics software. These simulations focus on the analysis of spin-wave propagation
and dispersion relations in gyroid structures over different thicknesses and filling fac-
tors. This approach allows us to delve into the intricate dynamics of spin waves within
these complex 3D nanostructures, providing a more comprehensive understanding of
their behavior and potential applications.

Acknowledgements: The research leading to these results was funded by the National Science Centre of Poland, Project No. UMO-
2020/39/I/ST3/02413.
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