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Chapter 1

Scientific Work and its
Organization at the Center
– an Overview

1.1 History and Development of the Center

Dec. 2014 - Apr. 2015: The Center for Theoretical Physics of Complex Systems (PCS) was
established within the Institute for Basic Science (IBS) in December 2014. After an initial
period of the infrastructure setup, the first research fellows joined the PCS in May 2015.
Until Jan. 2018, the Center was temporarily hosted at the Munji Campus of KAIST, when
we moved into our new premises on the IBS Campus. The founding director Sergej Flach
launched the scientific activities of the first division, Complex Condensed Matter Systems.
The concept of the Center includes the setup of three scientific divisions and a Visitor (and
Workshop) Program. The Center’s mission is to contribute significantly and essentially to
the international research field of theoretical physics of complex systems, as well as promote
it. Additionally, the Center’s concept includes a large active Visitor Program. Its activities
include organization of Advanced Study Groups (duration: one to three months) and focused
international workshops – with both types of events related to the rapidly developing topics
in the area of the physics of complex systems. The Visitor Program and its activities will offer
young scientists – from the Center as well other institutions – a fast track contact pathway
to the leading international scientists. In this way new developments will be accessible to
young scientists at an earlier stage, both serving as an encouragement and facilitating their
scientific development substantially.
May 2015 - Dec. 2015: The Center was officially inaugurated by Doochul Kim, president
of the IBS, during the Inaugural Symposium on July 24, 2015. Hee Chul Park joined the
PCS as a junior research team leader, establishing the research team Quantum Many-Body
Interactions and Transport. The Center welcomed its first visitors, including the members
of the Advanced Study Group Many Body Localization and Non-Ergodicity, and hosted two
workshops.
Jan. 2016 - Dec. 2016: Ivan Savenko and Ara Go started to lead the activities of two
new junior research teams, Light-Matter Interaction in Nanostructures and Strongly Cor-
related Electronic Systems, respectively. Three Advanced Study Groups (Nonergodicity
in Quantum and Classical Many Body Systems, Topological States of Light and Beyond,
Anderson Localization in Topological Insulators) performed research at the Center. Three
international workshops were held at the PCS. One of our first research fellows – Gentaro
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Watanabe – accepted a faculty position at Zhejiang University, China.
Jan. 2017 - Dec. 2017: Daniel Leykam – IBS Young Scientist Fellow – joined the PCS and
established our first YSF junior research team, Theoretical Photonics. Two Advanced Study
Groups gathered at the PCS for the collaborative research – Topological Phases in Arrays
of Luttinger Liquid Wires and Dissipative Quantum Chaos. The PCS organized also four
international workshops. A PCS research fellow – Nojoon Myoung – joined the faculty at
Chosun University, Korea.
Jan. 2018 - Dec. 2018: The PCS welcomed two Advanced Study Groups, Spin-Active Electric
Weak Links and Edge Reconstruction in Quantum Hall Systems and Topological Insulators,
as well as hosted five international workshops. Pinquan Qin – a PCS research fellow –
accepted a faculty position at Wuhan University of Technology, China.
Jan. 2019 - Dec. 2019: Juzar Thingna – IBS Young Scientist Fellow – joined the PCS and
established our second YSF junior research team, Nonequilibrium Quantum Thermody-
namics. An Advanced Study Groups gathered at the PCS for the collaborative research –
Functional Spin-Active Mesoscopic Weak Links. The PCS organized also six international
workshops.
Jan. 2020 - Dec. 2020: All planned workshops were rescheduled for 2021 due to the worldwide
COVID pandemics. The entire PCS seminar program was moved into online mode including
Youtube streaming and recording. One Advanced Study Group Coulomb Correlations and
Coherent Spin Dynamics in Mesoscopic Weak Links was conducted in online mode. A second
Advanced Study Group Deep Learning in Quantum Phase Transitions was moved to 2022,
with online PCS seminars held in 2020 and 2021. A PCS junior research team leader – Ara
Go – joined the faculty at Chonnam National University, Korea. A PCS research fellow – Ki
Hoon Lee – joined the faculty at Incheon National University, Korea. IBS Young Scientist
Fellow Daniel Leykam moved to a researcher position at National University of Singapore.
All of the above three PCS Alumni joined the new PCS Associate Program.
Jan. 2021 - Dec. 2021: Dario Rosa and Moon Jip Park started to lead the activities of
two new junior research teams, Quantum Chaos in Many-Body Systems and Topological
and Correlated Quantum Matter, respectively. Sergei Koniakhin – IBS Young Scientist
Fellow – joined the PCS and established our third YSF junior research team, Optics of
Quantum Fluids and Nanomaterials. Two Advanced Study Groups gathered at the PCS for
the collaborative research – Computational approaches to correlated systems: Applications
to diverse materials and Incommensurately stacked atomic layers. One Advanced Study
Group Coulomb Correlations and Coherent Spin Dynamics in Mesoscopic Weak Links was
conducted in online mode. The PCS organized also one IBS conference and three interna-
tional workshops. IBS Young Scientist Fellow Juzar Thingna moved to a researcher position
at University of Massachusetts at Lowell.
Jan. 2022 - Dec. 2022: Sunghun Park – IBS Young Scientist Fellow – joined the PCS and
established our fourth YSF junior research team, Superconducting Hybrid Quantum Sys-
tems. Five Advanced Study Groups gathered at the PCS for the collaborative research –
Coulomb Correlations and Coherent Spin Dynamics in Mesoscopic Weak Links, Deep Learn-
ing in Quantum Phase Transitions, Hidden order in incommensurately stacked multilayers,
Computational methods in transition metal compounds: correlations and magnetism, and
Entanglement and Dynamics in Quantum Matter. The PCS organized three international
workshops.
Jan. 2023 - Dec. 2023: Dominik Šafránek started to lead the activities of new junior research
team, Quantum Thermodynamics and Information Theory. Five Advanced Study Groups
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gathered at the PCS for the collaborative research – Quantum-Functional Mesoscopic Weak
Links, Unusual order in incommensurately stacked multilayers, Tensor Network Approaches
to Many-Body Systems, Computational study on strongly correlated low-dimensional mag-
netic systems, and Entanglement and Dynamics in Quantum Matter. The PCS organized
five international workshops. Four team leaders secured faculty positions. PCS junior re-
search team leader – Ivan Savenko – joined the faculty at Guandong Technion Israel Institute
of Technology, China. PCS junior research team leader – Hee Chul Park – joined the faculty
at Pukyong National University, Korea. PCS junior research team leader – Moon Jip Park
– joined the faculty at Hanyang University, Korea. PCS junior research team leader – Dario
Rosa – joined the faculty at the IFT-Unesp in São Paulo, Brazil.
Jan. 2024 - Dec. 2024: Dung Xuan Nguyen started to lead the activities of the new junior
research team, Topological Quantum Matter. Two Advanced Study Groups gathered at
the PCS for the collaborative research – Advanced Study Group: Coherent Charges, Spins
and Phonons in Superconducting Weak Links and Low-dimensional magnetism and quan-
tum phenomena from computational perspectives. The PCS organized one intercontinental
binodal workshop and one international workshop.
Jan. 2025 - Dec. 2025: Three Advanced Study Groups gathered at the PCS for the collabo-
rative research – Theoretical Challenges of Quantum Magnets with Complex Anisotropies,
Spin-orbit coupling in transition metal complexes: from model to realistic system, and Co-
herent Charges, Spins and Phonons in Superconducting Weak Links. The PCS organized
also four international workshops. PCS junior research team leader – Dominik Šafránek –
joined the faculty at Charles University, Czechia. PCS research fellow – Jae Ho Han – joined
the faculty at Korea Military Academy, Korea. PCS junior research team leader – Dung
Xuan Nguyen – joined the faculty at International Centre for Interdisciplinary Science and
Education (ICISE), Vietnam.
Outlook: The center counts 492 publications, a total of 12813 citations, and an h-index
h = 56 on Google Scholar. Despite its tremendous success, a continuation with a new
division headed by a new director could not be realized by IBS, which is a pity and raises
other IBS related questions which are not part of the current report. As a result of the
foreseeable retirement of the current director, the PCS is winding down by the end of 2025.
Practically all members of the PCS quickly found or are successfully securing new positions
in research institutes and universities worldwide. The successful concept of the PCS will
continue to exist through its alumni who carry the message into the world. These include
twenty three (23!) faculties worldwide, including eight (8!) in Korea, six (6!) in China, and
five (5!) in India, but also in Singapore, Vietnam, Brazil, USA, and the Philippines.

1.2 Research Areas and Structure of the Center

At the PCS, we investigate collective phenomena in classical and quantum physics. Out
of the planned three divisions, the first one has been established and is headed by Sergej
Flach. Its research activities span a broad spectrum of topics, and are represented by the
scientific focus of several closely collaborating research teams:

• Research team Complex Condensed Matter Systems led by Sergej Flach andAlexei An-
dreanov: nonequilibrium many-body dynamics, macroscopic degeneracies, flat bands,
non-Hermitian physics, optical cavities, and machine learning, with subtopics includ-
ing exciton-polariton condensates, ultracold atomic gases, photonic waveguide net-
works, optical microcavities, Fano resonances, spin glasses, topology, frustration, dis-
order, many body localization, artificial gauge fields, dissipative quantum chaos, open
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quantum systems.
• Junior research team Quantum Many-Body Interactions and Transport led by Hee

Chul Park: quantum many-body interactions, nonlinear dynamics, disordered systems,
mesoscopic electron transport, nano-electromechanical systems.

• Junior research team Light-Matter Interaction in Nanostructures led by Ivan Savenko:
semiconductor microcavities, exciton polaritons, quantum transport, open quantum
systems, quantum coherence, dissipative solitons, quantum dots, spins in mesostruc-
tures, polariton devices (signal routers, THz sources and detectors, lasers).

• Junior research team Quantum Chaos in Many-Body Systems led by Dario Rosa:
late-time quantum chaos and BGS conjecture, early-time quantum chaos and operator
growth, quantum batteries, Many-body localization, quantum many-body scars.

• Junior research team Topological and Correlated Quantum Matter led by Moon Jip
Park: topological and unconventional superconductivity with strong spin-orbit cou-
pling, Moire materials and twistronics, bosonic topological phases in spin systems,
nano-device applications of topological materials, aperiodic systems and quasicrys-
tals.

• YSF junior research team Optics of Quantum Fluids and Nanomaterials led by Sergei
Koniakhin: optical properties of nanostructures, optical phonons in nanoparticles and
Raman scattering, disorder effects on phonons in nanostructures, non-linear aspects of
lattice dynamics in nanoparticles, absorption and elastic scattering of light by nanodi-
amonds, quantum fluids of light, vortices and solitons dynamics, quantum turbulence,
artificial photonic lattices, effects of disorder on quantum fluid dynamics.

• Junior research team Superconducting Hybrid Quantum Systems led by Sunghun Park:
superconducting hybrid nanostructures, states read-out using circuit-QED, Majorana
fermions in topological superconductors, magnetic impurities in superconductors, co-
herent electron transport in mesoscopic systems.

• Junior research team Topological QuantumMatter led byDung Xuan Nguyen: strongly
correlated electron systems, lattice gauge models, topological phase transitions, frac-
tonic systems, topological properties of Hermitian and non-Hermitian photonic sys-
tems, quantum transport and optical response in (multilayer) low dimensional systems.

• Junior research team Quantum Thermodynamics and Information Theory led by Do-
minik Šafránek: many-body quantum systems, thermalization, concept of entropy,
entanglement, quantum batteries, work extraction, quantum metrology and measure-
ment, quantum information processing.

1.3 Visitor Program

Its envisaged large active Visitor Program makes the PCS a very unique research center
within the IBS. The Visitor Program not only organizes regular scientific visits at the Center
and manages individual fellowships and scholarships for longer research stays at the PCS,
but also organizes yearly several international workshops and advanced study groups.

Fellowships and scholarships are available for scientists at all levels of their career – from
the Ph.D. students to the sabbatical support for professors – with the duration varying
from a few weeks to a few years. The Center hosts several Advanced Study Groups per
year to foster the exchange between outstanding external scientists and young researchers
in residence. Each group is headed by a convener, and consists of a number of long-staying
established scientists who focus on a current and important topic in the field of physics of
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complex systems. To intensify even further the scientific interactions both within Korea and
with foreign experts, the PCS hosts yearly several international (focus) workshops. Their
scientific coordinators carefully select renowned specialists representing a given research
area within physics of complex systems, whereas the Visitor Program takes over the entire
logistics. Applications for the organization of international workshops and advanced study
groups – as well as pertinent to research visits, fellowships and scholarships – are evaluated
at multiple levels including selection committees with external experts. In 2022 – 2025,
210 (onsite: 162 & online: 48) scientists visited the Center – also within special programs
– with the addition of a total of 915 workshop participants. The worldwide COVID pan-
demics opened new online mode opportunities, including investing into new communication
technologies in order to prepare and run hybrid events.

1.4 Diversity

The structure and flexibility of the PCS Visitor Program allow us to support research stays
ranging from brief (a few days), through short- (up to a month), to long-term (several months
or years), thus suiting the schedule of literally any potential visitor. Moreover, we offer
various schemes accommodating very different purposes of research visits, including seminar
and colloquium presentations, collaboration meetings, workshop and Advanced Study Group
participation, long-term Ph.D. student training, sabbatical stay, etc. Financial and logistics
support can be fully customized, thus we can accommodate practically any individual needs
of our visitors. As a result, in 2022 – 2025 we hosted scientists from 31 countries.

1.5 Research Networking

In accordance with our aims of scientific excellence and the exchange of knowledge at the
highest international level, PCS members enter numerous collaborations, both locally and
internationally. Already at the level of the PCS itself, broad scientific interests and active
interactions are visible in a number of research achievements resulting from the collabo-
rations between members of different research teams. In the constant search for fruitful
collaborations, PCS members are supported by the Visitor Program’s efforts in organizing
international workshops, advanced study groups and individual visits, resulting in numerous
opportunities for scientific interactions.

1.5.1 Local, Institutional and International Networking

Locally, PCS members collaborate on various research topics with scientists from many
renowned Korean institutions, including KAIST (Korea Advanced Institute of Science and
Technology, Daejeon), Korea University (Seoul), APCTP (Asia Pacific Center for Theoret-
ical Physics, Pohang), KIAS (Korea Institute for Advanced Study, Seoul), POSTECH (Po-
hang University of Science and Technology, Pohang), KIST (Korea Institute of Science and
Technology, Seoul), KRISS (Korea Research Institute of Standards and Science, Daejeon),
Yonsei University (Seoul), ETRI (Electronics and Telecommunications Research Institute,
Daejeon), UNIST (Ulsan National Institute of Science and Technology, Ulsan), Chungnam
National University (Daejeon), Kyungpook National University (Daegu), Pusan National
University (Busan), UST (University of Science and Technology, Daejeon), Chosun Uni-
versity (Gwangju), Chonbuk National University (Jeonju), Gyeongsang National University
(Jinju), Seoul National University (Seoul), Kongju National University (Gongju), NIMS
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(National Institute for Mathematical Sciences, Daejeon), Kyung Hee University (Seoul),
Sungkyunkwan University (Seoul), Kangwon National University (Samcheok, Chuncheon,
Chung-Ang University (Seoul), Ajou University (Suwon), Pukyong National University (Bu-
san). We also maintain close relations with other IBS centers. In addition, we initiated the
PCS Associate Program through which designated alumni (e.g. former team leaders) keep
their research ties with PCS members. This program could be extended in the future to
other target groups in Korea and abroad.

Institutional networking is currently realized mainly through joint international workshops
held predominantly at the PCS. In 2022, the PCS was in charge of the Pioneering symposium
Quantum Geometrical Properties of Flatbands and Experimental Realizations of Flatbands
during the Korean Physical Society (KPS) Spring Meeting, and we organized the Interna-
tional Workshop Computational Approaches to Magnetic Systems (CAMS-2022) and the
Conference Advances in The Physics of Topological and Correlated Matter in cooperation
with the APCTP. In 2023, We hosted the Focus program Numerical Methods in Theoreti-
cal Physics 2023 and the International Workshop Computational Approaches to Magnetic
Systems (CAMS-2023) in cooperation with the APCTP. We organized the International
Workshop Correlation and Topology in Quantum Matter in cooperation with the KIAS. In
2024, We hosted the Intercontinental Binodal Workshop Flat Bands and high-order Van
Hove singularities in cooperation with the Max Planck Institute for the Physics of Complex
Systems (Germany). In 2025, we organized international workshop Novel Perspectives in
Non-Hermitian Physics: From Condensed Matter to Optical and Beyond in cooperation
with the APCTP.

Internationally, numerous scientific collaborations connect the PCS with many distinguished
institutions worldwide, including University of Würzburg (Germany), University of Augs-
burg (Germany), ICTP (International Centre for Theoretical Physics, Italy), University of
Gothenburg (Sweden), Tel Aviv University (Israel), Boston University (USA), Columbia
University (USA), University of Massachusetts Boston (USA), Nanyang Technological Uni-
versity (Singapore), Australian National University (Australia), Donghua University (Shang-
hai, China), Nankai University (China), N.I.Lobachevsky State University of Nizhny Nov-
gorod (Russia), RIKEN (Japan), University of Cape Town (South Africa), Northwestern
Polytechnical University (China), Max Planck Institute for the Physics of Complex Systems
(Germany), Wuhan University of Technology (China), University of Chile (Chile), Lough-
borough University (UK), University of Toronto (Canada), University of Maryland (USA),
Erevan State University (Armenia), University of Magdeburg (Germany), University of Vir-
ginia (USA), University of Bordeaux (France), University of Hamburg (Germany), Aston
University (UK), Ural Federal University (Russia), University of Cologne (Germany), Vinca
Institute of Nuclear Science (Serbia), Shanghai Jiao Tong University (China), University
of Granada (Spain), Massachusetts Institute of Technology (USA), Oslo Metropolitan Uni-
versity (Norway), Indian Institute of Technology (India), UC Louvain (Belgium), Stony
Brook University (USA), National Research Council (Italy), Institute for Advanced Study
(USA), Insubria University (Italy), Hebrew University (Israel), Institute for High Energy
Physics (Spain), IBM (USA), Technical University of Munich (Germany), University of Illi-
nois at Urbana-Champaign (USA), Rzhanov Institute of Semiconductor Physics (Russia),
Queens College of CUNY (USA), University of Fribourg (Switzerland), University of Zagreb
(Croatia), University of Oldenburg (Germany), Ruhr University Bochum (Germany), ICTP-
SAIFR (Brazi), NORDITA (Sweden), Sophia University (Japan), Osaka Univeristy (Japan),
Concordia University (Canada), Jagellonian University (Poland), Singapore University of
Technology and Design (Singapore), CNR-SPIN (Italy), Universita Degli Studi Dell’Insubria
(Italy), Istituto di Fotonica e Nanotecnologie (Italy), Max Planck Institute for the Science
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of Light (Germany), University of Luxembourg (Luxemburg), Dickinson College (USA),
National University of Singapore (Singapore), CNRS (France), Beijing University of Tech-
nology (China), Nagoya University (Japan), Univesitat Autonoma de Barcelona (Spain),
University of Waterloo (Canada), Pennsylvania State University (USA), ITMO University
(Russia), Université Clermont Auvergne (France), Xi’an Jiaotong University (China), Au-
tonomous University of Madrid (Spain), Technical University Braunschweig (Germany),
Chalmers University of Technology (Sweden), Karlstad University (Sweden), University of
Chicago (USA), Lyon Institute of Nanotechnology (France), Donostia International Physics
Center (Spain), Niigata University (Japan), The University of Hong Kong (China), Lan-
caster University (UK), Raman Institute (India), ASTAR (Singapore), Wuerzburg Univer-
sity (Germany), Shanghai Jiao Tong University (China), Trinity College Dublin (Ireland),
Waseda University (Japan), Technische Universität Chemnitz (Germany).

Global collaborative efforts are aiming at focused international cooperation and collabora-
tion which includes conducting joint workshops, student and young postdoc exchange, and
other measures in specific research areas. General Agreements for International Cooperation
exist with:

• Faculty of Science, University of Zagreb (Croatia) on quantum and complex systems,
2018-2025

• Universita Degli Studi Dell’Insubria, Center for Nonlinear and Complex Systems
(Como, Italy) on quantum computing, artificial intelligence and machine learning,
2021-2024

• OsloMet AI Lab Oslo Metropolitan University (Oslo, Norway) on quantum systems
out of equilibrium, since 2021

• B. Verkin Institute for Low Temperature Physics and Engineering of the National
Academy of Sciences of Ukraine (Kharkiv, Ukraine) on condensed matter physics,
2021-2024

As part of these activities, two student trainees from Kharkiv (Ukraine) and Como (Italy)
were researching at PCS for extended periods.

1.5.2 Asian Network on Condensed Matter and Complex Systems

On June 29, 2017, the Abdus Salam International Centre for Theoretical Physics (ICTP,
Trieste, Italy) approved the ICTP Asian Network on Condensed Matter and Complex Sys-
tems. The Network is a system of research groups spanning an entire region, pursuing a
common scientific project over an extended period. The network program represents an ef-
ficient approach to foster the intensify the interactions between the scientists in the region.
ICTP Networks contribute to the ICTP efforts to advance scientific expertise in the devel-
oping world, providing scientists from developing countries with the continuing education
and skills they need to enjoy long and productive careers.

The Asian Network is coordinated by Paul A. Pearce (University of Melbourne, Australia
and APCTP Pohang) and Sergej Flach (PCS IBS). Both the PCS IBS and APCTP are
the headnodes, with joint Korean Subnet (APCTP-POSTECH, PCS IBS, and CALDES
IBS) activity coordinators Ki-Seok Kim (APCTP, POSTECH), Dung Xuan Nguyen (PCS
IBS), and Jae Whan Park (CALDES IBS). Further network nodes and the respective node
coordinators are:

• Center for Artificial Low Dimensional Electronic Systems, Institute for Basic Science,
Pohang, Korea (Han Woong Yeom)
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• Institute of Physics, Vietnam Academy of Science and Technology, Hanoi, Vietnam
(Tran Minh Tien)

• School of Physics, Suranaree University of Technology, Nakhon Ratchasima, Thailand
(Worawat Meevasana)

• National Institute of Physics, University of the Philippines Diliman, Quezon City,
Philippines (Cristine Villagonzalo)

• University of Indonesia/BRIN/Bandung Institute of Technology, Indonesia (Aziz Ma-
jidi, Ahmad Ridwan Tresna Nugraha, and Agung Nugroho)

• Royal University of Phnom Penh, Cambodia (Tharith Sriv and Sunly Khimphun)
After the global COVID-19 pandemic, network activities resumed. The network cur-

rently counts 197 participating scientists. The main activities of the network are research
visits between the nodes, amounting so far to 11 visits over a total period of 22 weeks. The
Asian Network holds a week-long annual school (Vietnam 2023, Thailand 2024, Philippines
2025) with up to 100 students (including the PCS students) and selected PCS team leaders
among the lecturers’ list. The network also supports workshops, with two conducted to date
in Korea (one at the PCS).

1.6 Division Complex Condensed Matter Systems
Director: Sergej Flach

Condensed matter physics is a research field which has a steadily growing impact on an
increasing number of branches of everyday life in modern societies. At the same time, it is
characterized by an astonishing research progress on all levels – from basic and fundamental
research to applications. This feature is due to the field’s ability to cross-fertilize various
research directions, both from its own broad spectrum – including many-body interactions,
nonequilibrium transport, topological insulators, flat bands, spin glasses, graphene – but
most importantly also from other fields, such as statistical physics, physics of matter-light
interactions, quantum optics and photonics, to name a few. This pattern sets the frame for
our endeavours and progress in the understanding of a variety of complex condensed matter
systems, and defines the pathway of the activities of the division Complex Condensed Matter
Systems.

1.6.1 Complex Condensed Matter Systems
Team Leader: Sergej Flach, Alexei Andreanov (deputy)

Research Topics

Nonequilibrium Many-Body Dynamics. Quantum interacting many-body systems are usu-
ally assumed to thermalize efficiently. Nonlinear many-body dynamical systems were known
to show different outcomes related to the Kolmogorov-Arnold-Moser theorem and Arnold
diffusion, due to the presence of invariant tori and the closeness to integrable systems. A
plethora of physical systems allows for low-dimensional coherent states (e.g. simply periodic
orbits) to persist astonishingly far away from these integrable limits. Recent progress e.g.
in the field of many-body localization closes the gap and paves the way to study weakly
ergodic and even nonergodic interacting many-body systems. Applications and rewards are
expected to be located e.g. in the area of quantum computations. We explore the ways non-
linear dynamics is destroying wave coherence through deterministic chaos, and how many
surrogate external ac fields it takes to replace that intricate effect. We started to explore
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the connection between quantum glasses, many-body localization, nonergodicity and macro-
scopic degeneracies (see below). We are developing novel techniques to quantitatively and
precisely detect the transition from ergodic to nonergodic many-body dynamics, through
analyzing the impact of low-dimensional coherent states on the fluctuations at equilibrium.
We discovered two classes of thermalization slowing down upon approaching integrable lim-
its through the scaling of the Lyapunov spectrum, which is a one parameter scaling law
for long range networks of nonintegrable perturbations, and a two parameter scaling law
for short range networks. We explore thermalization or its breakdown (even if incomplete)
in various quantum many-body systems, interplay of disorder and interactions, like super-
conducting pairing, using various numerical and analytical tools, including those based on
machine learning methods. Main results:

• Lyapunov Spectrum Scaling for Classical Many-Body Dynamics Close to Integrability
Phys. Rev. Lett. 128, 134102 (2022)

• Thermalization dynamics of macroscopic weakly nonintegrable maps
Chaos 32, 063113 (2022)

• Delayed Thermalization in Mass-Deformed SYK
Phys. Rev. B 106, 245147 (2022)

• Intermediate super-exponential localization with Aubry-André chains
Phys. Rev. B 108, 064204 (2023)

• Machine learning wave functions to identify fractal phases
Phys. Rev. B 108, 184202 (2023)

• Thermalization slowing down in multidimensional Josephson junction networks
Phys. Rev. E Letters 108, L062301 (2023)

• Thermalization universality-class transition induced by Anderson localization
Phys. Rev. Research Letters 6, L012064 (2024)

• Enhancement of Superconductivity in the Fibonacci Chain
Phys. Rev. B 109, 134504 (2024)

• Dynamical chaos in the integrable Toda chain induced by time discretization
Chaos 34, 033107 (2024)

• The Rosenzweig-Porter model revisited for the three Wigner Dyson symmetry classes
New Journal of Physics 26 083018 (2024)

• From Dyson Models to Many-Body Quantum Chaos
Phys. Rev. B 111, 035147 (2025)

• Observation of prethermalization in weakly nonintegrable unitary maps
Fizyka Nyzkykh Temperatur/Low Temperature Physics 51(6), 870-880 (2025)

• Thermalization slowing down of weakly nonintegrable quantum spin dynamics
Phys. Rev. Research 7, 023149 (2025)

• Shallow quantum circuits are robust hunters for quantum many-body scars
European Physical Journal Plus 140, 517 (2025)

• Prethermalization in Fermi-Pasta-Ulam-Tsingou chains
Physical Review E 112, 014206 (2025)

Macroscopic Degeneracies. Systems with macroscopic degeneracies are rare in nature, since
the high degree of symmetry or fine-tuning, which is required to support them, is easily
destroyed by weak perturbations. However, this also is the reason which makes macroscopic
degeneracies attractive. Nowadays, manufacturing technologies can be expected to get close
to realizing such symmetries/fine-tuning - perhaps not precisely to the point, but with some
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control around it. Weak perturbations of such a high symmetry system will typically lift the
degeneracy and yield uniquely defined eigenstates and thus physics - which however might
or is expected to be qualitatively different for different perturbations. Thus, macroscopic
degeneracies could host endpoints of various phase transition lines, and promise rich physics
in their close neighbourhood. We focus on two directions. First, we study the flat band
physics of corresponding tight-binding networks. Notably, flat bands have been realized ex-
perimentally with light dissipative condensates and ultracold atomic gases. We develop flat
band generators based solely on the local network properties and the existence of compact
localized states. We further study the fate of flat bands and compact localized states under
the impact of disorder, external fields, few- and many-body interactions, both on a quantum
as well as on a classical (nonlinear) level. Main results:

• Many-body localization transition from flatband fine-tuning
Phys. Rev. B 105, L041113 (2022)

• Anti-PT flatbands
Phys. Rev. A 105, L021305 (2022)

• Correlated metallic two-particle bound states in Wannier–Stark flatbands
Phys. Rev. B 106, 125128 (2022)

• Strong interlayer coupling and stable topological flat bands in twisted bilayer photonic
Moiré superlattices
Light: Science Applications 11, 289 (2022)

• Critical-to-insulator transitions and fractality edges in perturbed flat bands
Phys. Rev. B 107, 014204 (2023)

• Flat Band Induced Metal-Insulator Transitions for Weak Magnetic Flux and Spin-
Orbit Disorder
Phys. Rev. B 107, 174202 (2023)

• Critical State Generators from Perturbed Flatbands
Chaos 33, 073125 (2023)

• Conductance transition with interacting bosons in an Aharonov-Bohm cage
Phys. Rev. A Letters 108, L010201 (2023)

• Flux-induced midgap states between strain-engineered flat bands
Phys. Rev. B 108, 115148 (2023)

• Superconductivity with Wannier-Stark Flat Bands
Phys. Rev. B 109, 075153 (2024)

• Compact Localized States in Electric Circuit Flatband Lattices
Phys. Rev. B 109, 075430 (2024)

• Trapping Hard-Core Bosons in Flatband Lattices
Phys. Rev. B 109, 245137 (2024)

• Flat band fine-tuning and its photonic applications
Nanophotonics 13, 3925 (2024)

• Orthogonal flatbands in Hamiltonians with local symmetry
J. Phys. A: Math. Theor. 57, 495301 (2024)

• Flatbands in tight-binding lattices with anisotropic potentials
Phys. Rev. B 111, 014201 (2025)

• Realization and characterization of an all-bands-flat electrical lattice
Phys. Rev. B 112, 184309 (2025)
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Discrete Time Quantum Walks. To address a growing number of hard fundamental compu-
tational tasks, we use a novel unitary map toolbox – discrete-time quantum walks (DTQW).
Their highly efficient coding implementation is the key to address suitable hard computa-
tional problems with Hamiltonian dynamics, and extend beyond Hamiltonian computational
limits. We peeked beyond previous horizons set by the CPU time limits for systems of cou-
pled ordinary differential equations. We obtained results for unprecedented times up to
1012, and thereby shift the old Gross-Pitaevskii horizons by four decades. We are also set
to study few- and many-body interacting alternatives using DTQWs. Main results:

• Logarithmic expansion of many-body wave packets in random potentials
Phys. Rev. A Letters 105, L020202 (2022)

• Lyapunov Spectrum Scaling for Classical Many-Body Dynamics Close to Integrability
Phys. Rev. Lett. 128, 134102 (2022)

• Thermalization dynamics of macroscopic weakly nonintegrable maps
Chaos 32, 063113 (2022)

• Intermediate superexponential localization with Aubry-André chains
Phys. Rev. B 108, 064204 (2023)

• Universal Anderson localization in one-dimensional unitary maps
Chaos 33, 083134 (2023)

• Thermalization universality-class transition induced by Anderson localization
Phys. Rev. Research Letters 6, L012064 (2024)

• Observation of prethermalization in weakly nonintegrable unitary maps
Fizyka Nyzkykh Temperatur/Low Temperature Physics 51(6), 870-880 (2025)

Non-Hermitian Physics. Real quantum systems are coupled to the environment since no
information can be extracted from completely closed systems. We are interested in under-
standing how the coupling of a quantum system to the environment modifies the genuine
quantum effects. We study the synchronization in networks of interacting exciton-polariton
condensates, and their resulting emission spectrum. We also analyze light propagation in
the dissipative optical waveguide networks, which are remarkably similar in their mathe-
matical description. Furthermore, we use the transformation optics to optimize the quality
factor and the spatial emission profile of optical cavities. Last but not least, we investigate
the fate of flat bands (see above) in the non-Hermitian settings. Main results:

• Impact of non-Hermitian mode interaction on inter-cavity light transfer
Photon. Res. 10(5), 1232-1237 (2022)

• Mesoscopic Mobius ladder lattices as non-Hermitian model systems
J. Phys. A: Math. Theor. 55, 224008 (2022)

• Classification of multiple arbitrary-order non-Hermitian singularities
Phys. Rev. A 106, 012218 (2022)

• Revealing non-Hermitian band structure of photonics Floquet media
Science Advances, 8, eabo6220 (2022)

• Realization of non-Hermitian Hopf bundle matter
Communications Physics 6, 273 (2023)

• Dynamics in non-Hermitian systems with nonreciprocal coupling
Phys. Rev. A 108, 052205 (2023)

• Exceptional classifications of non-Hermitian systems
Communications Physics 7, 109 (2024)

• Realization of geometric-phase topology induced by multiple exceptional points
Phys. Rev. A 110, 052221 (2024)
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• Pseudo-Hermitian topology in multiband non-Hermitian systems
Phys. Rev. A 111, 042205 (2025)

• Complex energy structures of exceptional point pairs in two-level systems
Europhysics Letters 150, 45001 (2025)

• Spontaneous Emission Decay and Excitation in Photonic Time Crystals
Phys. Rev. Lett. 135, 133801 (2025)

• Robust exceptional point chains and chirality switch in a vast optical parameter space
Phys. Rev. A 112, L031501 (2025)

More. Various other research activities enrich and cross-fertilize the work of the team. These
include pertinent questions of dense sphere packing, and range from fundamental physics to
education, among others. Main results:

• The egg steamer paradox
Phys. Educ. 57, 025002 (2022)

• Nonlinear dynamics of superposition of wavepackets
Eur. Phys. J. Plus 137, 471 (2022)

• Frequency Map Analysis of Spatiotemporal Chaos in the Nonlinear Disordered Klein–Gordon
Lattice
International Journal of Bifurcation and Chaos 32(5), 2250074 (2022)

• Intermediate statistics in singular quarter-ellipse shaped microwave billiards
J. Phys. A: Math. Theor. 55, 314001 (2022)

• Unidirectionality and Husimi functions in constantwidth neutrino billiards
J. Phys. A: Math. Theor. 55, 474003 (2022)

• Distributions of the Wigner reaction matrix for microwave networks with symplectic
symmetry in the presence of absorption
Phys. Rev. E 107, 024203 (2023)

• Semi-Poisson Statistics in Relativistic Quantum Billiards with Shapes of Rectangles
Entropy 25(5), 762 (2023)

• Experimental study of the elastic enhancement factor in a three-dimensional wave-
chaotic microwave resonator exhibiting strongly overlapping resonances
Phys. Rev. E 107, 054210 (2023)

• Estimation of correlation matrices from limited time series data using machine learning
Journal of Computational Science 71, 102053 (2023)

• Time-reversal invariance violation and quantum chaos induced by magnetization in
ferrite-loaded resonators
Eur. Phys. J. Spec. Top. (2023)

• Graphene billiards with fourfold symmetry
Phys. Rev. Research 5, 043028 (2023)

• Ferromagnetic monolayer with interfacial Dzyaloshinskii-Moriya interaction: Magnon
spectrum and effect of quenched disorder
Phys. Rev. B 108, 174414 (2023)

• Magnons in the fan phase of anisotropic frustrated antiferromagnets
Journal of Magnetism and Magnetic Materials 589, 171544 (2024)

• Operator dynamics in Lindbladian SYK: A Krylov complexity perspective
J. High Energ. Phys. 2024, 94 (2024)

• Computing Quantum Mean Values in the Deep Chaotic Regime
Phys. Rev. Lett. 132, 260401 (2024)
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• Haldane graphene billiards versus relativistic neutrino billiards
Phys. Rev. B 110, 094305 (2024)

• Manifestation of Luttinger liquid effects in a hybrid metal-semiconductor double-
quantum dot device
Low Temp. Phys. 50, 1180–1188 (2024)

• Unsupervised techniques to detect quantum chaos
Low Temp. Phys. 50, 1127-1134 (2024)

• Experimental test of an extension of the Rosenzweig-Porter model to mixed integrable-
chaotic systems experiencing time-reversal invariance violation
Chinese Physics B, 33, 120501 (2024)

• Observation of magnetic skyrmion lattice in Cr0.82Mn0.18Ge by small-angle neutron
scattering
Scientific Reports 15, 2865 (2025)

• Thermal lifetime of breathers
Physica D 473, 134551 (2025)

• Decay rates of optical modes unveiling the island structures in mixed phase space
Phys. Rev. A 111, 033509 (2025)

• Shallow quantum circuits are robust hunters for quantum many-body scars
Eur. Phys. J. Plus 140, 517 (2025)

• Failure of the Conformal-Map Method for Relativistic Quantum Billiards
Phys. Rev. Lett. 135, 030401 (2025)

• Experimental study of the distributions of off-diagonal scattering-matrix elements of
quantum graphs with symplectic symmetry
Phys. Rev. E 112, 034208 (2025)

• Instability of Metals with Respect to Strong Electron-Phonon Interaction
Phys. Rev. Lett. 135, 026503 (2025)

Perspectives

The team research consolidated during the report period around the main themes listed
above. On the team level, we plan to extend the activities in all directions, in particular
in the field of discrete time quantum walks and perturbed/interacting flatbands. On the
division level, we broadened our spectrum with attractive projects in the field of strong
electronic correlations, topological and non-Hermitian photonics, as well as nonequilibrium
quantum thermodynamics. One of our next goals is to expand our spectrum of activities
by adding the fields of quantum information and machine learning. This can happen both
through consolidating the existing research and establishing a new team.

Cooperations

Within the PCS, we collaborate with all junior research teams. Strong cooperations in-
side Korea include non-Hermitian optics (Pusan National University, Busan; KAIST, Dae-
jeon; Kyungpook National University, Daegu; NIMS, Daejeon).

International cooperations include geometric frustration (University of Bordeaux, France),
spin-glasses (University of Oldenburg, Germany), non-Hermitian physics (National Techni-
cal University of Athens, Greece; University of Patras, Greece; Columbia University, USA;
UNAM, Mexico), flat bands (Concordia Univerisity, Canada; Technion - Israel Institute of
Technology; Tel Aviv University, Israel; Nanyang Technological University, Singapore; Tbil-
isi State University, Georgia; University of Belgrade, Serbia; San Francisco State University,
USA; Nankai University, China; University of Innsbruck, Austria; Kirensky Institute of
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Physics, Russia; University of Magdeburg, Germany; Erevan State Universitry, Armenia),
many-body dynamics (Augsburg University, Germany; University of Trento, Italy; Boston
University, USA), non-Gibbs states in many-body interacting systems (JINR, Russia), and
few-body interactions (N.I.Lobachevsky State University of Nizhny Novgorod, Russia).

1.6.2 Quantum Many-Body Interactions and Transport
Team Leader: Hee Chul Park

Research Topics
Our research focuses on the quantum transport of mesoscopic systems and the quantum

many-body interactions with mean-field theory. 2D materials, including graphene, have
been intensively studied in condensed matter physics regarding the optical, electrical, and
mechanical degrees of freedom. The spin-orbit interaction impacts a number of well-known
physical phenomena, such as the Kondo effect, interference, and Coulomb blockade. Further-
more, coupling with the environment unveils new phenomena in the field of non-Hermitian
Hamiltonian physics.

Graphene and 2D materials. 2D materials – including graphene – have been studied exten-
sively during the past decades due to their unique electrical properties originating from the
gapless and linear Dirac cone dispersion at the corners of the 1st Brillouin zone. Its promi-
nent transport behavior, such as high carrier mobility, makes graphene a promising candi-
date material to succeed silicon in the nanoelectronic industry. We have studied the effect
of strain on the 2D materials and graphene quantum Hall systems for realizing valleytronics
using pseudo-gauge field. The strain on graphene creates a strong pseudo-magnetic field
due to the gauge potential acting on the valley-isospin of graphene. The bound states at
the locally strained region can be a candidate of graphene qubit and recognized by the
machine learning algorithm. In addition to the strain qubit, twisted bilayer graphene hosts
the higher-order topological corner states. The states can be a noble qubit as a topological
qubit controlled by electric gate potential and measured by quantum interference through
electron transport.

• Magnetism in twisted triangular bilayer graphene quantum dots
Phys. Rev. B 111, 024417 (2025)

• Engineering high Chern number insulators
Journal of the Korean Physical Society, 85, 661 (2024)

• Detecting Strain effects due to nanobubbles ingraphene Mach-Zehnder interferometers
Phys. Status Solidi B, 261, 2300379 (2024)

• Electronic Mach-Zehnder interference in a bipolar hybrid monolayer-bilayer graphene
junction
CARBON, 201, 734 (2023)

• Strain-induced flat bands in hexagonal quantum dot networks of graphene nanoribbons
with nanobubbles
Journal of the Korean Physical Society, 83, 692 (2023)

• A strain-engineered graphene qubit in a nanobubble
Quantum Sci. Technol., 8, 025012 (2023)

• Machine learning approach to recognition of a nanobubble in graphene
Appl. Phys. Lett., 119, 193103 (2021)

• Electronic states of graphene quantum dots induced by nanobubbles
Journal of the Korean Physical Society 78, 1208-1214 (2021)
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• Higher-Order Topological Corner State Tunneling in Twisted Bilayer Graphene
CARBON, 174, 260 (2021)

• Manipulation of valley isospins in strained graphene for valleytronics
CARBON, 157, 578 (2020)

• Decelerated Hot Carrier Cooling in Graphene via Nondissipative Carrier Injection
from MoS2
ACS nano, 14, 13905 (2020)

• Splitting of conductance resonance through a magnetic quantum dot in graphene
Phys. Rev. B, 100, 045427 (2019)

Nano-electromechanical systems. This is one of the most attractive research fields in physics
– both theoretically and experimentally. The improvements in fabrications have opened
possibilities for new technologies. Since the quick changes in technology require extremely
sensitive sensors to measure low power signals, the limitations of present sensors need to
be understood for practical purposes. Studying the interplay between the classical and
the quantum mechanical effects under external stimuli, such as electromagnetic fields with
environmental conditions, is necessary in order to understand the mechanical motion of
mesoscopic systems, e.g., mechanical cantilevers. Quantum measurements related to the
nano-electromechanical systems (NEMS), which combine an electronic system with mechan-
ical degrees of freedom, yield another important topic in condensed matter physics. These
systems show a variety of nonlinear phenomena, such as self-excited oscillations, spontaneous
symmetry breaking, etc., on which our team has published several papers.

• Nanomechanical Switch toward Electron Turnstile Operation
Nano. Lett., 25, 11947 (2025)

• Diamond Molecular Balance: Ultra-Wide Range Nanomechanical Mass Spectrometry
from MDa to Tda
Nano. Lett., 25, 10497 (2025)

• Andreev probing of a Cooper-pair flying qubit
Phys. Rev. B, 111, 165404 (2025)

• Role of Chiral symmetry in a kicked Jaynes-Cummings model
Phys. Rev. A, 107, 013712 (2023)

• Pumping and Cooling of Nanomechanical Vibrations Generated by Cooper-Pair Ex-
change
J. Low Temp. Phys. 210, 150 (2022)

• Nanomechanical Cat states generated by a dc voltage-driven Cooper pair box qubit
npj Quantum Information, 8, 74 (2022)

• Nanomechanics driven by the superconducting proximity effect
New J. Phys., 24, 033008 (2022)

• Cooling of nanomechanical vibrations by Andreev injection
Low Temp. Phys., 48, 476 (2022)

• Kick-induced rectified current in symmetric nanoelectromechanical shuttle
Phys. Rev. B, 104, 064303 (2021)

• Nanomechanics driven by Andreev tunneling
Phys. Rev. B, 102, 235402 (2020)

• Spin-Polaronic Effects in Electric Shuttling in a Single Molecule Transistor with Mag-
netic Leads
Physica E, 122, 114151 (2020)

19



1. Scientific Work and its Organization at the Center – an Overview

• Electronic current in a nano-mechanical kicked electron shuttle
Physica E, 117, 113835 (2020)

• Kondo effect in Aharonov-Casher interferometer
Phys. Rev. B, 100, 235413 (2019)

• DC spin generation by junctions with AC driven spin-orbit interaction
Phys. Rev. B, 100, 115406 (2019)

• Coulomb Effects on Thermally Induced Shuttling of Spin-polarized Electrons
Low Temp. Phys., 45, 1208 (2019)

• Coulomb-promoted spintromechanics in magnetic shuttle devices
Phys. Rev. B, 100, 045408 (2019)

Quantum transport. We are interested in the fundamental quantum effects such as the
quantum resonances, quantum chaos, dynamical localization, the chirality of dynamic states,
bulk-boundary correspondence of topological systems, and non-Hermiticity. From graphene
to ultra-cold atoms, from the prototypes of the simplest to the most exotic materials, we
will continue our efforts to understand the fundamental properties of various research topics
in mesoscopic physics. All of our topics will be interconnected and realized through specific
experimental systems and collaborations between the members of our team and external
groups. Since we believe that many new scientific findings emerge from the interplay of basic
principles or concepts and their realizations, we expect that the results of our research will
not only answer fundamental questions but also lead to even more fundamental questions.
It is not only constrained by electronic transport. Still, it can be realized by photonic crystal
due to the topological analogy between quantum transport on an atomic lattice and wave
propagation on a photonic lattice.

• Pseudo-Hermitian topology in multiband non-Hermitian systems
Phys. Rev. A, 111, 042205 (2025)

• Orthogonal flatbands in Hamiltonians with local symmetry
J. Phys. A, v.57, 1751 (2024)

• Exceptional classifications of non-Hermitian systems
Comm. Phys., 7, 109 (2024)

• Realization of non-Hermitian Hopf bundle matter
Comm. Phys, 6, 273 (2023)

• Bloch Theorem Dictated Wave Chaos in Microcavity Crystals
Light Sci. Appl., 12, 106 (2023)

• Bloch Theorem Dictated Wave Chaos in Microcavity Crystals
Light Sci. Appl., 12, 106 (2023)

• Revealing non-Hermitian band structure of photonic Floquet media
Sci. Adv., 8, eeabo6220 (2022)

• Strong interlayer coupling and stable topological flat bands in twisted bilayer photonic
Moiré superlattices
Light Sci. Appl., 11, 289 (2022)

• Topological edge states in bowtie ladders
Physica E, 137, 114941 (2021)

• Non-orientability induced PT phase transition in ladder lattices
Phys. Rev. A 103, 042207 (2021)

• Emergent localized states due to the twofold PT symmetry in ladder lattice
Phys. Rev. Research, 2, 033149 (2020)
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• Flat-band localization and self-collimation of light in photonic crystals
Sci. Rep., 9, 2862 (2019)

Perspectives

Our research team was formed in May 2015 with Pinquan Qin and the team leader Hee
Chul Park, and now consists of seven collaborating members, including an associate member,
Jung-Wan Ryu, and two students, JungYun Han and Olha Bahrova. Sungjong Woo is
interested in the strain engineering on low dimensional materials for topological polarization.
Anton Parafilo’s main research interest is the nanomechanical system, including the Kondo
effect and spin-orbit interaction. Jung-Wan Ryu is an expert in nonlinear oscillatory systems
and microcavities. Jae-Ho Han studies quantum field theory for condensed matter physics
such as spin dynamics and topological superconductivity. Mohamad Mirzakhani works
on the electronic properties of hybrid graphene systems. Chang-Hwan Yi is working on
quantum chaos in microcavity for . We have two students: JungYun Han is studying
thermal transport and qubit, and Olha Bahrova is interested in quantum transport in hybrid
nanomechanical systems. All the members work collaboratively on the convergence of each
topic, which has recently attracted a lot of interest as an emergent research field. The focus
of our team is to study the overall theory behind various topics in fundamental condensed
matter physics, such as topological properties, many-body interactions, and quantum phase
transitions. The alumni are Pinquan Qin (Professor at Wuhan University of Technology,
China), Nojoon Myoung (Professor at Chosun University, Korea), Kun Woo Kim (Professor
at ChungAng University), Sang-Jun Choi (postdoctoral researcher at Wuertsburg University,
Germany), Wulaimu Maimaity (postdoctoral researcher at Rutgers University), and Ilias
Amananditis (postdoctoral researcher at Ben-Gurion University of the Negev, Israel). They
still keep collaborating intensely with the team.

Collaborations

We have numerous collaborators with various universities and institutes worldwide out-
side of our Center. For theoretical studies, we work with: KIAS, Korea (Young Woo Son –
graphene & 2D materials); Chosun University, Korea (Nojoon Myoung – graphene, photon-
ics); UST, Korea (Sejoong Kim – time-dependent spin-orbit interaction and spintronics);
POSTECH, Korea (Ki-Seok Kim – TI with magnetic disorder); APCTP, Korea (Jaeyoon
Cho – bulk-boundary correspondence); University of Gothenburg, Sweden (Robert Shekhter
– nano-electromechanical shuttle); University of Ioannina, Greece (Elefterios Lodorikis –
graphene optics); Donghua University, China (Binhe Wu – topological insulator with disor-
der); Wuhan University of Technology, China (Pinquan Qin – dynamic localization); Uni-
versity of Chile (Luis E. F. Foa Torres – non-Hermitian systems and Floquet graphene). We
also have experimental collaborators: KIST, Korea (Chulki Kim – nanomechanics, strained
graphene); KRISS, Korea (Suyong Jung – graphene VHJ, Seung-Bo Shim and Junho Suh
– nanomechanics, Myoung-Ho Bae – Quantum transport); KAIST,Korea (Bumki Min –
Realization of non-hermitian topoelectrical circuits); Yonsei University, Korea (Jaehoon
Kim – TI, meta-materials, and mesoscopic systems); Chungnam National University, Korea
(Young-Jun Yu – graphene gas sensors); UNIST, Korea (Minkyung Jung – graphene trans-
port); Chonbuk National University, Korea (Hyung-Kook Choi – 2DEG with strong SOI);
Gyeongsang National University, Korea (Youngwoo Nam – suspended graphene); Kyoung
Hee University, Korea (Young-Duck Kim – Graphene and 2D materials).
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1.6.3 Light-Matter Interaction in Nanostructures
Team Leader: Ivan Savenko

By the beginning of 2022, the team consisted of 4 members: the junior research team
leader, Ivan Savenko and three Ph.D. students, Meng Sun, Dogyun Ko, and Ms. Kabyashree
Sonowal. We also actively collaborated with Dr. Anton Parafilo from PCS.

• With my (now graduated) PhD student, Meng Sun, we reported a direct observation
of a single quantized vortex vanishing from a microcavity exciton-polariton super-
fluid. From the time-resolved spectroscopy measurements utilizing various Laguerre-
Gaussian beam sizes, our experimental collaborators found that the two lowest-energy
states get populated and compete with each other.
– Physical Review B 105, L060502 (2022)

• With Dr. A. Parafilo, we showed that in a two-dimensional noncentrosymmetric Ising
superconductor in a fluctuating regime under the action of a uniform external electro-
magnetic field, there emerge two new contributions to the photogalvanic effect due to
the trigonal warping of the valleys. Furthermore, a second-harmonic generation effect
might take place. There emerge two contributions to this effect, one conventional,
which is due to the electron gas in its normal state, and the other one is of the Asla-
mazov–Larkin nature.
– Physical Review B 106, 144502 (2022)
– 2D Materials 2, 045004 (2023)
– Physical Review B 108, L180509 (2022)

• With my (now graduated) PhD student, Kabyashree Sonowal, we suggested that when
exposed to surface acoustic waves, the emerging strain-induced effective magnetic fields
in 2D semiconductors can give rise to spin-flip transitions between the spin-split sub-
bands in the vicinity of the subband crossing point, resulting in the emergence of a
spin-acoustic resonance and the acoustoelectric current.
– Physical Review B 106, 155426 (2022)

Future Prospects

The group ended its existence in December, 2023, thus, there are no future prospects.

1.6.4 Quantum Chaos in Many-Body Systems
Team Leader: Dario Rosa

Research Topics
The common theme in the research of this team is to understand how quantum chaos (or

its absence) affects the physics of quantum many-body systems. In parallel, another main
theme of research has been toward applying this acquired knowledge to the broad field of
quantum technologies and quantum thermodynamics. With this general overview in mind,
here are the main research results that have been obtained during the reported period.
Investigation in quantum chaos and its violations. Historically, quantum chaos has been
described via the so-called Bohighas-Giannoni-Schmit conjecture, which in a nutshell states
that quantum chaos can be detected by studying the spectral properties of the energy levels
of the system under investigation. This point of view has been heavily tested, both in single-
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particle problems and in many-body setups. It leads to the notion of quantum universality,
i.e. to the idea that at very late times the dynamics of a quantum chaotic system is
universal and completely determined by its symmetries. In more recent days, an alternative
description of quantum chaos, particularly focused towards many-body systems, has become
very popular. This second approach is based on the notions of operator scrambling and
operator growth, i.e. with the intuitive idea that under time evolution local and simple
operators evolve towards extended and complex operators.

Arguably, the most significant result obtained by the team in this respect is the intro-
duction of the concept of operator delocalization in quadratic systems, which was developed
in collaboration with Prof. Murugan, among others. By this term, we refer to a precursor
of the physics of scrambling, in which operator growth is absent but large operators are
delocalized by the dynamics induced by a quadratic Hamiltonian. This notion has been
linked to the charging performance of the SYK quantum batteries (see later), thereby es-
tablishing an interesting connection between quantum chaos and potential applications in
quantum technologies. In a subsequent paper, we have studied the relation between many-
body and single-particle quantum chaos, using a many-body system with a well-defined
single-particle origin. In this study, which technically required large-scale sparse diagonal-
ization techniques, we have shown the intimate relation between single-particle chaos and its
many-body counterpart. This model can also be seen as a toy model for further investigation
into the physics of many-body localization.

Remaining in the field of quantum systems, the team has investigated the localiza-
tion/delocalization transition in models with disorder. Using the so-called mass-deformed
SYK model, a variation of the SYK model including a random mass term, we have studied
the Fock space localization transition shown by this system as a function of the mass term
parameter. Our results show that before entering the Fock space localized regime, the model
has a huge regime of delayed thermalization, which can be captured by studying the spectral
form factor of the model. At the level of methodologies, we have also studied the possibility
of using machine learning techniques to detect the delocalization/localization transition in
quantum systems. The main focus has been on the possibility of reusing a certain neural
network model, trained on a known system displaying a localization transition, to detect the
localization transition in new and unknown systems without further retraining. The results
obtained are encouraging, and they raise machine learning algorithms to the status of actual
convenient tools for studying localization physics. Other works include: an investigation of
the well-known Rosenzweig-Porter model and its phase structure using new diagnostics of
quantum chaos and localization, and a study of the localization transition in a family of
random graphs using unsupervised machine learning techniques.

Another line of research that we have pursued is the analysis of variational quantum
algorithms to target states of quantum many-body systems. Among the results, we mention:
a study of the possibility of targeting quantum many-body scars using shallow variational
circuits, a characterization of the best depth of a variational shallow circuit in terms of its
quantum chaotic properties, a benchmark of the capacity of current quantum machines to
generate random quantum states, and a study of the connection between the dynamics of
entanglement and classical complexity.

Finally, we studied analytically a non-Hermitian (but PT -symmetric) version of the
SYK model. Our results show that given a replica symmetry breaking phenomenon, which
occurs due to the non-Hermitian character of the model, the dynamics turn out to be
extremely similar to the dynamics of the well-known model two sided SYK model introduced
by Maldacena and Qi. In particular, we have shown that in the low-temperature regime,
the model is gapped, showing then a flat free energy which terminates in a first-order phase
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transition. We also showed that these physical properties are intimately connected to the
chaotic nature of SYK, and they are not present in the non-chaotic version of the model.
Publications:

• G. Cenedese, M. Bondani, A. Andreanov, M. Carrega, G. Benenti, and D. Rosa, Shal-
low quantum circuits are robust hunters for quantum many-body scars, The European
Physical Journal Plus 140 (6), 517.

• A Andreanov, M. Carrega, J. Murugan, J. Olle, D. Rosa, and R. Shir, From Dyson
models to many-body quantum chaos, Physical Review B 111 (3), 035147.

• D. Nemirovsky, R. Shir, D. Rosa, and V. Kagalovsky, Unsupervised techniques to detect
quantum chaos, Low Temperature Physics 50 (12), 1127-1134.

• T. Čadež, D. K. Nandy, D. Rosa, A. Andreanov, and B. Dietz, The Rosenzweig–Porter
model revisited for the three Wigner–Dyson symmetry classes, New Journal of Physics
26 (8), 083018.

• T. Čadež, B. Dietz, D. Rosa, A. Andreanov, K. Slevin, and T. Ohtsuki, Machine
learning wave functions to identify fractal phases, Physical Review B 108 (18), 184202.

• G. Cenedese, M. Bondani, D. Rosa, and G. Benenti,Generation of pseudo-random
quantum states on actual quantum processors, Entropy 25 (4), 607.

• J. Kim, Y. Oz, and D. Rosa, Quantum chaos and circuit parameter optimization,
Journal of Statistical Mechanics: Theory and Experiment 2023 (2), 023104.

• J. Wang, B. Dietz, D. Rosa, and G. Benenti, Entanglement dynamics and classical
complexity, Entropy 25 (1), 97.

• D. Nandy, T. Čadež, B. Dietz, A. Andreanov, and D. Rosa, Delayed thermalization in
the mass-deformed Sachdev-Ye-Kitaev model, Physical Review B 106 (24), 245147.

• Y. Jia, D. Rosa, J. J. M. Verbaarschot, Replica symmetry breaking for the integrable
two-site Sachdev–Ye–Kitaev model, Journal of Mathematical Physics 63 (10).

• V. Shaghaghi, V. Singh, G. Benenti, and D. Rosa, Micromasers as Quantum Batteries,
Quantum Science and Technology 7 (4).

• A. M. García-García, Y. Jia, D. Rosa, and J. J. M Verbaarschot, Replica symmetry
breaking in random non-Hermitian systems, Physical Review D 105 (12), 126027.

• A. M. García-García, Y. Jia, D. Rosa, and J. J. M Verbaarschot, Dominance of Replica
Off-Diagonal Configurations and Phase Transitions in a PT Symmetric Sachdev-Ye-
Kitaev Model, Physical Review Letters 128 (8), 081601.

• J. Kim, J. Murugan, J. Olle, and D. Rosa, Operator delocalization in quantum net-
works, Physical Review A 105 (1), L010201.

• M. Carrega, J. Kim, and D. Rosa, Unveiling Operator Growth Using Spin Correlation
Functions, Entropy 23 (2021) 5, 587.

Quantum many-body batteries and quantum thermodynamics In recent days, the possibility
of using quantum many-body systems to engineer nano-devices is getting more and more
attention. Among several applications, a particularly interesting set of devices is represented
by quantum batteries. To make a long story short, a quantum battery is a quantum system
that can store energy to be released as physical work at a later stage. The easiest way to
achieve this goal is to bring the quantum system, initially prepared in the ground state of
a given static Hamiltonian, to an excited state through a quantum quench protocol. The
system can then be discharged by bringing it back to a low-energy state. Several figures of
merit can be studied to describe the performance of the resulting battery. Among them,
two particular figures of merit are the charging power, i.e. the speed at which the energy
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is pumped into the system, and the charging temporal stability, which is the ability of the
system to reach a stable value of the energy stored in the battery, thus suppressing the
temporal fluctuations.

The team has provided a general theorem on the possibility of getting a quantum advan-
tage in the charging power of a generic quantum battery. Our result gives a mathematical
proof to a conjecture formulated more than 7 years before and shows that the crucial neces-
sary ingredient to reach such an advantage is represented by global unitary operations. As a
byproduct of this result, we have provided a new notion of distance between quantum states
and a bound on the minimal time required to connect them via a unitary protocol. Another
successful line of research which has been pursued is the study of new theoretical models
of quantum batteries. More in detail, we have investigated the possibilities of using micro-
masers as possible models of quantum batteries. We have established the main feature that
makes the micromaser a potential quantum battery: the (meta)stable state reached by the
electromagnetic field at the end of the charging process is quasi-pure. This is an unexpected
feature, and it is crucial to make the energy stored in the field usable as a source of work at
a later stage. Moreover, we have shown that the charging protocol for the micromaser can
be further improved by using AI techniques, that allow it to reach higher levels of stored
energy. Remaining in the field of quantum technologies, broadly intended, we have studied
the possibilities of unitarily extracting energy from quantum states that are only partially
known. Given a certain quantum state and a Hamiltonian defining the energy content of
the state, one can extract energy from it by doing a unitary evolution bringing the state to
a state with lower energy. The problem with such a simple approach is that the choice of
the particular unitary is highly dependent on the initial state, which cannot be fully known
in most cases. We have considered the realistic situation in which the state is only partially
known, i.e. that only a restricted set of measurements can be performed. Given this limited
information, we developed a theory to determine the unitary operator that statistically will
extract the maximum amount of work from the state.

Other works include: an analysis of the thermodynamic uncertainty relations in certain
variations of maser heat engines, and an analysis of the frictional effects on the asymmetric
Otto engine.
Publications:

• V. Singh, V. Shaghaghi, T. Pandit, C. Beetar, G. Benenti, and D. Rosa, The asym-
metric quantum Otto engine: frictional effects on performance bounds and operational
modes, The European Physical Journal Plus 139 (11), 1020.

• J. Gyhm, D. Rosa, and D. Šafránek, Minimal time required to charge a quantum
system, Physical Review A 109 (2), 022607.

• C. Rodríguez, D. Rosa, and J. Olle, Artificial intelligence discovery of a charging
protocol in a micromaser quantum battery, Physical Review A 108 (4), 042618.

• V. Singh, V. Shaghaghi, Ö. Müstecaplıoǧlu, and D. Rosa, Thermodynamic uncertainty
relation in nondegenerate and degenerate maser heat engines, Physical Review A 108
(3), 032203.

• D. Šafránek, and D. Rosa, Measuring energy by measuring any other observable, Phys-
ical Review A 108 (2), 022208.

• D. Šafránek, D. Rosa, and F. Binder, Work extraction from unknown quantum sources,
Physical Review Letters 130 (21), 210401.

• V. Shaghaghi, V. Singh, M. Carrega, D. Rosa, and G. Benenti, Lossy micromaser
battery: Almost pure states in the Jaynes–Cummings regime, Entropy 25 (3), 430.
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• J. Gyhm, D. Šafránek, and D. Rosa, Quantum charging advantage cannot be extensive
without global operations, Physical Review Letters 128 (14), 140501.

Perspectives

The team ended its activities in October 2023, when the Team Leader (Dario Rosa)
moved to a faculty position at the IFT-Unesp in São Paulo (Brazil).

Cooperations

Within PCS, we collaborated closely with the group “Complex Condensed Matter Sys-
tems”. International cooperations included quantum chaos in many-body systems (Uni-
versity of Cape Town, South Africa), the SYK model (Stony Brook University, US and
Shanghai Jiao Tong University, China), quantum batteries (University of Insubria, Italy),
Quantum many-body systems (CNR, Italy), quantum computing (IAS, US and Tel-Aviv
University, Israel), quantum batteries and energy extraction (Trinity College, Dublin, Ire-
land) and quantum chaos and K-complexity (University of Cape Town, South Africa, IFAE,
Spain, and Hebrew University, Israel).

1.6.5 Topological and Correlated Quantum Matter
Team Leader: Moon Jip Park

Research Topics

Moire materials. The moiré superlattice of misaligned atomic bilayers paves the way for
designing a new class of materials with wide tunability. When two sheets of atomic bilayers
are stacked with a finite rotation angle, the periodicity of the two incommensurate layers
produces a large moiré superlattice. This giant amplification of the crystalline periodicity
is the hallmark of moiré materials and provides a viable platform for band structure engi-
neering. We explore and extend the moiré materials in various correlated electron systems
including magnets, intrinsic supercondcutors, transition metal dichalcogenides. We study
how the moiré superlattice changes the correlated ground state and induce exotic correlated
ground states. We are developing novel numerical techniques to calculate the local order
parameters in the presence of the extremely complicated moiré superlattice. Main results:

• Ab-initio Spin Hamiltonian and Topological Non-centrosymmetric Magnetism in Twisted
Bilayer CrI3
Nano Letters 23, 13, 6088–6094 (2023)

• Replica Higher-Order Topology of Hofstadter Butterflies in Twisted Bilayer Graphene
npj Computational Materials, 9, 152 (2023)

• Controllable magnetic domains in twisted trilayer magnets
Phys. Rev. B 108, L100401 (2023)

• Emergence of stable meron quartets in twisted magnets
Nano Letters 24, 1, 74–81 (2024)

• Stacking-dependent topological electronic structures in honeycomb-kagome heterolay-
ers
npj 2D Materials and Applications 9, 57 (2025)

Unconventional correlated materials. The major progress in the field of superconductivity
has been sparked by the discovery of new pairing mechanisms. Among various many-body
interactions in solid-state matters, the electron-electron Hubbard interaction is the most
evidently existing, but simultaneously the most elusive form of interaction for superconduc-
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tivity. This is because the electron-electron interaction is inadequate to serve as the source of
superconducting pairings due to its repulsive nature. However, the confluence of the strong
spin-orbit coupling can change the picture. In the presence of the spin-orbit coupling, the
Hubbard term is not the only interaction. The multi-orbital feature driven by the spin-orbit
coupling can introduce a more complicated form of the electron-electron interaction. So
far, the interplay of multiband nature, spin-orbit coupling, and correlation effect have been
overlooked. Thus, we plan to develop the systematic theory of the superconductivity with
the confluence of the strong spin-orbit coupling. By constructing the microscopic model of
the many-body interactions, We clarify how multi-band nature plays a crucial role in the
superconductivity of the spin-orbit-coupled materials. In the multi-band systems, the inter-
orbital interactions and the Hund’s rule couplings are important. Using the Fierz identity
and the symmetry analysis, We configure how the complex repulsive interactions exactly
transforms as the multi-band particle-hole channels. Main results:

• Triplet-Superconductivity in Triple-Band Crossings
Communications Physics 5, 220 (2022)

• Hosohedral nodal-line superconductivity in hexagonal ABC Dirac semimetals
Communications Physics 7,11 (2024)

• Collective non-Hermitian skin effect: Point-gap topology and the doublon-holon exci-
tations in non-reciprocal many-body systems
Communications Physics 7, 73 (2024)

• Hierarchical zero- and one-dimensional topological states in symmetry-controllable
grain boundary
Nature Communications 15:9328 (2024)

• Unconventional p-wave and finite-momentum superconductivity induced by altermag-
netism through the formation of Bogoliubov Fermi surface
Phys. Rev. B 111, 054501 (2025)

Topological metamaterials. Topological materials are now being realized in variety of meta-
materials including electric circuits, photonic cavities, and nanomechanical systems. The
intrinsic non-Hermiticity of these systems exhibits even more complicated phenomena that
has no counterparts in the electronic systems. We study various non-Hermiticity induced
topological phases in topoelectric circuits and mechanical systems. In addition, we realize
the moiré superlattice, using photonic cavity consists of dielectric resonator quasi-atoms
characterized by cascades of robust flat bands at large twist angles. Main results:

• Bloch Theorem Dictated Wave Chaos in Microcavity Crystals
Light: Science & Applications 12, 106 (2023)

• Strong Interlayer Coupling and Stable Topological Flat Bands in Twisted Bilayer Pho-
tonic Moiré Superlattices
Light: Science & Applications 11, 289 (2022)

• Length scale formation in the Landau levels of quasicrystals
Phys. Rev. B 105, 045146 (2022)

• Realization of Non-Hermitian Hopf Bundle Matter
Communications Physics 6, 273 (2023)

• Topological Phase Transitions of Generalized Brillouin Zone
Communications Physics 7, 21 (2024)

• Exceptional Classifications of Non-Hermitian Systems
Communications Physics 7, 109 (2024)
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• PT-symmetric Non-Hermitian Hopf metal
Physical Review Research 6, L012053 (2024)

• Floquet Chiral Quantum Walk in Quantum Computer
Phys. Rev. B 109, L201117 (2024)

• Quantized polarization and Majorana fermions beyond tenfold classification
Communications Physics 7, 243 (2024)

• Non-Bloch band theory of sub-symmetry-protected topological phases
Phys. Rev. B 110, 035424 (2024)

• Pseudo-Hermitian Topology of Multiband Non-Hermitian Systems
Phys. Rev. A 111, 042205 (2025)

Future Perspectives

The division and the team were established in April 2021, with the arrival of Moon Jip
Park. Currently, the team consists of three members, Dr. Moon Jip Park (Team leader),
Dr. Kyoung Min Kim, Dr. Grigory Bednik. On the team level, we plan to extend the
twisted materials to various correlated systems, in particular magnets and superconducting
systems. On the division level, we are broadening our spectrum with attractive projects
in the field of various metamaterials including nanomechanical systems, photonic crystal,
and topoelectric circuits. One of our next goals is to study the quantum geometric effect
in flatband systems and controlling electron correlations. This can happen both through
consolidating the existing research and establishing a new team.

Collaborations

Within the PCS, we closely collaborate with all junior research teams. In domestic
groups, we collaborate with SungBin Lee(KAIST - Studying frustrated magnetism), Myung
Joon Han(KAIST - Moire magnets in CrI3), Youngkuk Kim(SungKyunkwan University
- Topological nodal superconductivity in ABC materials). Jinwoong Cha(KRISS - Topo-
logical nanomechanical systems), and Bumki Min(KAST - Realization of non-hermitian
topoelectrical circuits).

International collborations include Jeffrey Teo(University of Virginia - Topological order
in coupled wire systems), Youngseok Kim(IBM - quantum simulators in superconducting
qubits), Gibaik Sim(Technical university of Munich - Topological superconductivity in triple
band crossings), YongBaek Kim(University of Toronto - Superconductivity with Hofstadter
butterfly), and Naday Mason (University of Illinois at Urbana-Champaign - Frustrations in
superconducting island networks, quantum transport in unconventional superconductivity).

1.6.6 Optics of Quantum Fluids and Nanomaterials
Team Leader: Sergei Koniakhin

Research Topics

Optics of Quantum Fluids and Nanostructures. This team was established as a part of PCS
center of IBS on 1 September 2021. Since its establishment, the OQFN team has dedicated
itself to investigating the interplay between light and matter at the nanoscale, with particular
emphasis on quantum and classical phenomena in emerging materials and nanostructures.
The team employs a multidisciplinary approach that combines elements of theoretical con-
densed matter physics, quantum optics, nanomaterial science, and computational modeling
to address fundamental questions and potential applications in next-generation technolo-
gies. The main focus of the team is the optical properties of semiconductor nanostructures
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(supporting existence of exciton-polaritons), artificial optical lattices and nanoparticles.
Various phenomena in the quantum fluids based on exciton-polaritons in semiconductor

microcavities were studied.

• The pumping intensity threshold for condensation was explicitly related to the po-
lariton spectral line properties and lase pumping size. Fundamental limit on minimal
laser power for condensation was established.
Universal condensation threshold dependence on pump beam size for exciton-polaritons
Communications Physics 8 (1), 286

• The simulation of time dynamics of steady exciton-polariton condensate by strong
impulse was provided to interpret experimental data. The principal role of exciton
reservoir in condensate destruction was established
Exciton reservoir-induced destabilization and reformation of polariton condensate
Optics Express 33 (8), 18530-18539

• Quantum turbulence studies in realistic lossy exciton-polariton quantum fluid was
conducted. Influence of loss rates on incompressible kinetic energy wash shown to be
negligible for small loss rates
Driven-dissipative turbulence in exciton-polariton quantum fluids
arXiv preprint arXiv:2503.09275 (under review in PRB)

• The effect of an additional quasiresonant drive on the dynamics of the ring-shaped
incoherently pumped polariton condensates carrying angular momentum (vorticity) is
studied theoretically. Numerical simulations of the 2D and 1D Gross-Pitaevskii equa-
tions show that the difference of the topological charges (vorticities) of the condensate
and the quasiresonant coherent drive plays a crucial role in the synchronization dy-
namics.
Phase locking of ring-shaped exciton-polariton condensates to coherent optical drive
Physical Review B 112 (8), 085306

In the artificial photonic lattices, the gauge fields and topological defects in real and mo-
mentum space and their mapping are investigated base on simuating wave packets propaga-
tion in a lattice in various configuration. The principal accent was done on the honeycomb
lattice.

• The study was devoted to a comprehensive theoretical study of asymmetric (skew)
scattering in photonic graphene, with the main focus on its realization with semicon-
ductor microcavity exciton-polaritons and ratchet effect manifestation
Skew scattering and ratchet effect in photonic graphene
Physical Review B 110 (20), 205405

• An optical analog of electron snake states was proposed based on an artificial gauge
magnetic field in a photonic graphene implemented by varying distances between semi-
conductor cavity pillars. An intuitive and exhaustive continuous model based on tight-
binding approximation was developed and compared with numerical simulations of a
realistic photonic structure.
Optical snake states in a photonic graphene
Optics Letters 49 (10), 2581-2584

• The regularly distributed quantized vortex arrays in momentum space by probing the
honeycomb and hexagonal photonic lattices with a single focused Gaussian beam was
observed in experiment with the necessity of theoretical interpretation. It was shown
that the resulting spatial patterns of vortices are strongly defined by the symmetry of
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the wave packet evolving in the photonic lattices and not by their topological proper-
ties
Simultaneous creation of multiple vortex-antivortex pairs in momentum space in pho-
tonic lattices
Advanced Photonics 5 (6), 066007

• Perfect Klein transmission in a 2D photonic system (photonic graphene) at normal
incidence was experimentally observed and the angular dependence was measured.
The theoretical interpretation of the experimental results was given
Angular-dependent Klein tunneling in photonic graphene
Physical Review Letters 129 (23), 233901

Concerning the optics of nanoparticles, Raman spectra of crystalline nanoparticles were
investigated. The team has developed advanced theoretical models to understand the be-
havior of optical phonons in confined nanostructures and their manifestation in Raman
scattering experiments. This research has significant implications for the characterization
of nanomaterials and the interpretation of spectroscopic data

• Theory of optical phonons coupling in paired/intersecting nanoparticles was created
with the yield of phonon energy level splitting versus intersection depth
Coupled-oscillator model for hybridized optical phonon modes in contacting nanosize
particles and quantum dot molecules
- Physical Review Research 5 (1), 013153

• Theory of optical phonons hybridization in many-particle regular and random ensem-
bles. The relation between the shift and the broadening of the Raman peak and the
coupling strength and the disorder is established for nanocrystal solids, agglomerates,
and porous media providing the information about the array structure, the structure
of its constituents, and the properties of optical phonons.
Localized and extended collective optical phonon modes in regular and random arrays
of contacting nanoparticles: Escape from phonon confinement
- Physical Review B 109 (15), 155435

• The research paper was dedicated to investigating how structural disorder and imper-
fections affect Raman spectra of nanoparticles. Simple relation between broadening
and additional red shift and vacancies covventration was given (with linear propor-
tionality to the vacancies concentration)
Raman peak shift and broadening in crystalline nanoparticles with lattice impurities
- Diamond and Related Materials 146, 111182

The following collaborations were held during the group run.
A. Exciton-polaritons, Bose-Einstein condensation, Gross-Pitaevskii equation, Complex

Ginzburg-Landau equation
• KAIST (Prof. Yong-Hoon Cho and Prof. Hyoungsoon Choi)
• Pennsylvania State University (Prof. Igor Aronson)
• ITMO University (Prof. Alexey Yulin)
B. Electromagnetically induced transparency (EIT) effect, graphene, honeycomb lattice,

symmetry
• Univ. Clermont Auvergne (Prof. D. Solnyshkov and Prof. G. Malpuech)
• Xi’an Jiaotong Univ. (Prof Zhaoyang Zhang and Prof. Feng Li)
The International Workshop Exciton-Polaritons in Semiconductor Microstructures and

Quantum Optics was held in the dates April 28 — May 2, 2025. The Workshop allowed
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extensive communication between Korean scientific community memers and worldwide re-
known experts in the field. Many workshop participants has visited KAIST and IBS labo-
ratories for giving talks and providind scientific discussions.

The future goals of the group run is continuation of collaboration with KAIST (Prof.
Yong-Hoon Cho and Prof. Hyoungsoon Choi) with proposing novel experiments on exciton-
polaritons in semiconductor microcavities and interpreting the measured data. On the
interst are the topics of many-condensate synchronization, theoretical grounds of exciton-
polariton condensation in semiconductor microstructures. Subcritical condensation regime
and emission intensity hysteresis with the discussions and research on the possibility of
photonic memory effect detection, optical vortex detection.

1.6.7 Superconducting Hybrid Quantum Systems
Team Leader: Sunghun Park

Research Topics

The team studies hybrid quantum systems which are composed of two or more physical
components, with the goal of maximizing the advantages and strengths of different systems,
to achieve novel quantum technology. The research focuses on developing theoretical models
that incorporate physical properties of materials such as spin-orbit coupling, topology, and
nanomechanics, proximity coupled to a superconductor and investigating emerging quantum
phenomena in such hybrid systems exhibiting novel functionality beyond existing quantum
devices. The research topics are as follows.

Nanomechanics in superconducting devices. Nanoelectromechanical systems (NEMS) study
nanomechanical degrees of freedom coupled to electron transport. The sequential electron
tunneling by the mechanical oscillation of a metallic grain, coined as electron shuttle, was
proposed in 1998, offering a noble platform for spatial transportation of electrons. It was
naturally followed by its generalization towards coherent transfer of Cooper pairs with a
movable superconducting grain. A flying qubit is the building block of a quantum informa-
tion device for transferring quantum states over a long distance. In this topic, we propose
a superconducting system for an oscillating flying qubit by means of nanoelectromechanics
combined with Cooper-pair box qubits. We suggest that the flying qubit states can be
observed in electron transport to a normal electrode via Andreev reflection.

• Andreev probing of a Cooper-pair flying qubit
Phys. Rev. B 111, 165403 (2025)

Topological quantum matter. Majorana fermions can constitute topological qubits for quan-
tum computation, because their non-abelian statistics allows for topologically protected
operations on quantum information. However, in practical platform, boundary of a device
hosting Majorana fermions inevitably exists and has to be considered in a theory. We study
the effect of the boundary modes on Majorana zero modes in a planar topological Joseph-
son junction, and show that the coupling between the two modes affects the stability of the
Majorana zero modes and induces the energy splitting of their states.

• Boundary-induced Majorana coupling in a planar topological Josephson junction
Phys. Rev. B 111, 045414 (2025)

Superconducting diode effect. Superconducting diode effect is a superconducting counterpart
of a semiconducting diode and thus has the potential to become a non-dissipative circuit
element enabling emergent superconducting technologies. Here, in collaboration with an
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experimental group, we demonstrate that gate voltages control the unidirectional flow of
Cooper pairs via spin-orbit coupling, which allows to create a locally tunable superconduct-
ing diode.

• Electric control of polarity in Josephson diode
arXiv:2409.17820 (under review)

Perspectives

For the last three years, I have conducted my research on hybrid quantum systems, with
the goal of maximizing the advantages and strengths of different systems, to achieve novel
quantum technology. The research focuses on developing theoretical models that incorporate
physical properties of materials such as spin-orbit coupling, topology, and nanomechanics,
proximity coupled to a superconductor and investigating emerging quantum phenomena in
such hybrid systems exhibiting novel functionality beyond existing quantum devices. I have
also performed collaboration with Advanced Study Group members as cooperation within
the Center and with domestic experimental collaborators, as an independent research group.
After allocation of my team with in the trapped-ion center, I plan to expand the spectrum of
my research to the trapped-ion system. A collaborative project with the trapped-ion center
will be pursued based on common interests in superconducting platform and trapped-ion
system. The interests include theoretical models for qubit detection, physical properties of
phonons, and the topological characteristics of qubit states.

Cooperations

Strong cooperation inside Korea includes superconducting diode effects (POSTECH, Po-
hang) and boundary effects on Majorana modes (KIAST, Daejeon). International coop-
eration includes nanomechanics in superconducting devices (Gothenburg University and
Chalmers University of Technology, Sweden) and Andreev states driven by microwaves
(UAM, Spain).

1.6.8 Topological Quantum Matter
Team Leader: Dung Xuan Nguyen

Research Topics
The main theme of our research is investigating the interplay between geometry and

topology in quantum matters and photonic materials. Our research has the potential to
advance our understanding of strongly coupled many-body systems, clarify the role of ge-
ometry and gravitational degrees of freedom in condensed matter, and provide insights into
the broader concept of emergence in physics.
Geometrical models of Fractional quantum Hall systems. The FQHE, first observed in 1982
and explained by Laughlin’s wave function in 1983, revolutionized condensed matter physics
by introducing the concept of topological order. In these systems, a two-dimensional electron
gas subjected to a strong magnetic field forms highly degenerate Landau levels. When
partially filled, electron kinetic energy is quenched, and Coulomb interactions dominate,
producing a variety of correlated topological phases. Some phases host non-Abelian anyons,
promising candidates for fault-tolerant quantum computation. More broadly, the collective
excitations in FQH systems provide a platform for emergent geometric and gravitational
dynamics. Whether gravity is emergent remains one of the most fundamental open questions
in physics. We plan to address this issue through the study of strongly correlated quantum
materials, in particular fractional quantum Hall (FQH) systems where recent experiments
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have identified chiral spin-2 quasiparticles, candidate emergent gravitons. By analyzing
the dynamics of interacting electrons in these systems, we aim to uncover frameworks for
non-Einsteinian gravity.

Supersymmetry and supergravity were originally developed in the 1970s as extensions
of field theory to address fundamental problems in high-energy physics. While neither has
been confirmed in particle physics or cosmology, both frameworks have been crucial to theo-
retical developments such as superstring theory. Interestingly, strongly correlated condensed
matter systems may provide natural settings where supersymmetry can emerge. We pro-
pose a supergravity description of the Haldane-Rezayi (HR) state, a gapless FQH phase
at half-filling of a Landau level. Within this framework, the edge modes of the HR state
and the Girvin-MacDonald-Platzman algebra arise naturally. Exact diagonalization studies
further provide evidence for emergent graviton (spin-2) and gravitino (spin-3/2) excitations,
suggesting that FQH systems offer an experimental arena for supersymmetric and super-
gravitational phenomena. Our supergravity model of the HR state predicts both graviton
and gravitino excitations and connects naturally to the bimetric theory of FQH states, repro-
ducing the long-wavelength GMP algebra. The corresponding bulk Chern–Simons theory
matches the conformal field theory known to describe the HR state. Numerical simulations
corroborate these predictions, strengthening the case for emergent gravitational dynamics
in FQHE.

The fractional quantum Hall effect thus provides a unique laboratory where condensed
matter systems can reveal gravitational and supersymmetric phenomena, suggesting that
gravity itself may arise from the quantum dynamics of matter.

Main results:
• Chiral “Graviton” and Fractional Quantum Hall Effect

CHIRAL MATTER: Proceedings of the Nobel Symposium 167, 109-114 (2023)
• Supergravity model of the Haldane-Rezayi fractional quantum Hall state

Phys. Rev. B (12), 125119 (2023)
• Spin of fractional quantum Hall neutral modes and" missing states" on a sphere

Prerpint ArXiv:2503.06914 (2025)

Effective descriptions of superfluid systems. Vortices are topological solutions of the Gross-
Pitaevskii equation, carrying quantized circulation due to the quantum nature of the super-
conducting phase. In rotating superfluids, vortices naturally arrange into a triangular lattice
as the ground state. Despite decades of research, recent progress has enabled a modern field-
theoretic approach to vortex lattices. In the rotating frame, the Coriolis force mimics the
Lorentz force, giving atoms an effective magnetic field proportional to their mass and an-
gular velocity. In the lowest Landau level (LLL) limit, reached at high rotation speeds,
the state of the superfluid is fully determined by the vortex positions. The lattice in this
regime becomes incompressible due to emergent LLL symmetry, leaving only one low-energy
excitation: the transverse phonon mode, known as the Tkachenko mode. This mode acts as
the Nambu–Goldstone boson of both magnetic translation symmetry and particle-number
conservation. Using emergent symmetries, one can construct a consistent nonlinear theory
of vortex lattices, opening new ways to analyze their low-energy dynamics. However, several
open questions remain regarding their behavior in the LLL limit.

Related phenomena arise in bilayer fractional quantum Hall (FQH) systems, where in-
terlayer excitons can undergo Bose–Einstein condensation, giving rise to a superfluid phase.
In these systems, electrons in a quantum Hall fluid bind with vortices to form composite
fermions or composite bosons. A bilayer quantum Hall state at certain filling factors and
interlayer separations can be described in terms of these composite particles. At small
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separations, the system resembles excitons formed from paired electrons and holes, while
at larger separations it is better described by excitons of paired composite fermions, with
each electron binding to four vortices. Overlap calculations with exact diagonalization show
that the number of vortices bound to electrons increases with layer separation. Trial states
for Goldstone and meron excitations further capture the essential low-energy physics, high-
lighting deep connections between vortex matter in superfluids and excitonic condensates
in quantum Hall bilayers.

Main results:
• Noncommutative field theory of the Tkachenko mode: Symmetries and decay rate

Phys Rev. Res. 6 (1), L012040 (2024)
• Successive electron-vortex binding in quantum Hall bilayers at ν = 1/4 + 3/4

Phys. Rev. B 110 (19), 195106 (2024)
• On quantum melting of superfluid vortex crystals: From Lifshitz scalar to dual gravity

Sci Post Phys 17 (6), 164 (2024)

Topological photonic crystals. Photonic crystals lie at the forefront of physics, materials
science, and engineering, offering unprecedented control over the behavior of light. These
structures, designed with periodic variations in dielectric properties on a length scale compa-
rable to the wavelength of light, provide a powerful platform for manipulating photon prop-
agation. The central principle is the formation of photonic band gaps—frequency ranges
where light cannot propagate—closely analogous to electronic band gaps in semiconduc-
tors. This capability enables fine tuning of optical properties and drives advances across
diverse technological applications. In recent years, photonic crystals have also become a
fertile setting for exploring topological physics. By incorporating topological concepts into
their design, researchers have uncovered striking optical phenomena such as edge states and
protected modes. This fusion of photonics and topology extends condensed matter ideas
into the optical domain, while simultaneously opening new avenues for robust and inno-
vative photonic devices.Our work advances this direction by developing and refining the
theoretical framework for multilayer photonic crystals. In collaboration with colleagues, we
derived an effective field theory description of their photonic band structures and investi-
gated the emergence of nontrivial topological features, including non-Hermitian effects, in
such systems.

Main results:
• Fermi arc reconstruction in synthetic photonic lattice

Phys. Rev. Lett. 131 (5), 053602 (2023)
• Reconfigurable topological lasing through Thouless pumping in bilayer photonic crys-

tal
Prerpint ArXiv:2111.02843 (2025)

• Berry Monopole Scattering in the Synthetic Momentum Space of a Bilayer Photonic
Crystal Slab
Prerpint ArXiv:2507.11983 (2025)

• Generalized Guided Mode Expansion for Non-Hermitian Resonances in Photonic Crys-
tal Slabs
Prerpint ArXiv:2507.20033 (2025)

Emergent gauge theories in lattices models. Gauge theory in lattice models uncovers rich
mechanisms of confinement, condensation, and topological order. In the deformed toric
code, the transition from a topological to a trivial phase displays an unconventional con-
finement: magnetic charges are confined yet can still be displaced without energy cost by
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non-unitary operators that reduce the state’s norm. This phenomenon reflects the persis-
tence of the toric code’s ground-state degeneracy across the transition, explained through
spontaneous breaking of generalized 1-form symmetries. Such coexistence of higher-form
symmetry breaking with a trivial phase emphasizes subtle constraints in relating topologi-
cal phases to symmetry breaking.

In higher dimensions, lattice gauge theories reveal even more exotic excitations. (3+1)-
dimensional topological phases host both point-like and loop-like excitations, with braiding
processes not possible in lower dimensions. Linked loops exhibit three-loop braiding, where
two loops exchange while tied to a third. A Hamiltonian realization of Dijkgraaf–Witten the-
ory with finite Abelian groups and 4-cocycle twists allows explicit construction of membrane
operators, which define fusion and braiding rules, measure topological charges, and confirm
that charges on a 2-torus match the ground-state degeneracy on a 3-torus. These insights
show how lattice gauge theories naturally capture higher-form symmetries, unconventional
confinement, and exotic braiding central to modern quantum matter.

Main results:
• Gaining insights on anyon condensation and 1-form symmetry breaking across a topo-

logical phase transition in a deformed toric code model
SciPost. Phys. 15 (6), 253 (2023)

• Twisted lattice gauge theory: Membrane operators, three-loop braiding, and topolog-
ical charge
Phys. Rev. B 110 (3), 035117 (2024)

More. Various other research activities enrich and cross-fertilize the work of the team. These
include strained graphene, chaos, among others.

Main results:
• Flux-induced midgap states between strain-engineered flat bands

Phys. Rev. B 108 (11), 115148 (2023)

• Haldane graphene billiards versus relativistic neutrino billiards
Phys. Rev. B 110 (9), 094305 (2024)

Perspectives

The team was established in 2023 under the leadership of Dung Xuan Nguyen. Over
the past three years, we have conducted research across several of the topics listed above,
resulting in 15 papers, including both publications and preprints. Looking ahead, we aim
to collaborate with leading international experts in topological quantum matter and pho-
tonic materials to deepen our understanding of the quantum world and to explore potential
technological applications arising from our interdisciplinary research.

Cooperations

Within the PCS, we collaborate closely with the group “Complex Condensed Matter
Systems”.

International cooperations include Quantum phase transitions in superfluids (Karlstad
University, Sweden;Niigata University, Japan), fractional quantum Hall (University of Chicago,
US ; Raman Institute, India; Princeton University, US; Florida State University, US), gener-
alized symmetries (University of Toronto, Canada), topological photonics (Lyon Institute of
Nanotechnology, France;Donostia International Physics Center, Spain; ASTAR, Singapore),
fractional Chern insulators (Nanyang Technological University, Singapore; The University
of Hong Kong, China), strained graphene (Lancaster University, U).
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1.6.9 Quantum Thermodynamics and Information Theory
Team Leader: Dominik Šafránek

Research Topics

Quantum Work Extraction
Efficient energy extraction is a key quest for living beings and modern technology alike.

In recent years the advent of quantum technology has spurred the study of energy sources
beyond the classical realm and the emerging field of quantum thermodynamics has investi-
gated the role of quantum features in this task. At the same time while modern quantum
technology already finds applications in secure communication, sensing, and computing,
these devices need to be powered, conceivably with nonequilibrium, quantum sources of en-
ergy. Generally, if one wants to make use of energy from an energy source, the first step is to
characterize it. In the quantum regime, the energetic potential of the source is given by the
quantum state it produces and measured by the Hamiltonian. Energy can be extracted by
performing operations that transform this state into a state of lower energy, and collecting
the surplus in the process.

In this direction, we derived a new notion of ergotropy applicable when nothing is known
about the quantum states produced by the source, apart from what can be learned by
performing only a single type of coarse-grained measurement. This notion of ergotropy
represents a realistic measure of extractable work, which can be used as the relevant figure
of merit to characterize a quantum battery.

• Work extraction from unknown quantum sources
Phys. Rev. Lett. 130, 210401 (2023)

Second, in order to extract work, one has to be able to determine how much available
energy there is. If, for example, the quantum state contains a small amount of energy
then the work extraction protocol may cost more than is extracted. Thus, we developed
a method to estimate how much energy a quantum state contains, with any, even limited,
measurement.

• Measuring energy by measuring any other observable
Phys. Rev. A 108, 022208 (2023)

Quantum Batteries
In recent years tremendous efforts have been devoted to developing quantum technolo-

gies, which are now coming to fruition in several fields of practical use. Among the largest
successes is quantum metrology, which led to the detection of gravitational waves, quantum
cryptography, which finds applications in communicating sensitive data [4,5], quantum com-
puting, which promises to revolutionize chemistry as well as to speed up or solve important
problems in optimization, cybersecurity and data analysis, and nanoscale thermodynamic
devices, which offer unprecedented precision in thermometry. At large, society is moving to-
ward quantum technologies, because they promise to offer faster, smaller, and more precise
devices.

All of these achievements require an efficient way of storing and using energy, as well as
fast charging and discharging. The necessity of charging and discharging goes well beyond
the quantum world. Examples are electric vehicles where the charging time is one of the
main bottlenecks in preventing the widespread use of such technology, or future fusion power
plants, in which a large amount of energy needs to be pumped in a short amount of time
and discharged in an instant to start the reaction. In the quantum world, nanoscale devices
will require nanoscale batteries, with no energy to spare.
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In our group, we proved a long-standing conjecture on the limit of charging speed of
the quantum battery. We showed, that unlike in a classical battery, where charging speed
remains independent of the number of cells, in quantum battery the speed scales at most
linearly.

• Quantum charging advantage cannot be extensive without global operations
Phys. Rev. Lett. 128, 140501 (2023)

Taking this research further, we investigated what is the maximal charging speed for
a given state. We found that this is given by the Bures Angle for pure states, while for
mixed states this defines a metric with very interesting mathematical properties, such as
discontinuity when the rank of the state changes.

• Minimal time required to charge a quantum system
Phys. Rev. A 109, 022607 (2024)

Quantum Information and Entropy
Quantum Information is the theoretical backbone of quantum technologies. In this

regard, entropy is an important concept: both as informational concept — measuring com-
munication channel capacity — and thermodynamic concept — measuring the amount of
disorder in a system. In this line of research, our team investigated several aspects of a type
of observer-dependent entropy called observational entropy.

First, we generalized this concept to include completely general measurements, that
correspond to any physical measurement an observer can do. We also showed that this
is connected to the theory of prediction and retrodiction, giving an interesting alternative
interpretation to this quantity.

• Quantifying information extraction using generalized quantum measurements
Phys. Rev. A 108, 032413 (2023)

• Observational entropy, coarse-grained states, and the Petz recovery map: information-
theoretic properties and bounds
New J. Phys. 25, 053002 (2023)

Then we investigated differences between informational values of different measurements,
some of which were defined by observational entropy.

• Entropic partial orderings of quantum measurements
Phys. Scr. 100, 015298 (2024)

Finally, we generalized the concept of observational entropy to include general quantum
priors, which are the assumptions of the observer on the measured state. In more detail, we
demonstrate two interpretations of observational entropy, one as the statistical deficiency
resulting from a measurement, the other as the difficulty of inferring the input state from
the measurement statistics by quantum Bayesian retrodiction. These interpretations show
that the observational entropy implicitly includes a uniform reference prior.

• Observational entropy with general quantum priors
Quantum 8, 1524 (2024)

Perspectives

The team research consolidated during the report period around the main themes listed
above. We plan to extend the activities to include diagnostic methods for quantum tech-
nologies, such as quantum tomography, and to study Kolmogorov-Sinai entropy in quantum
systems. Finally, we plan to implement the work extraction protocol on the IBM quantum

37



1. Scientific Work and its Organization at the Center – an Overview

computer.

Cooperations

Within the PCS, we collaborate with all junior research teams. Strong cooperations
inside Korea is on quantum batteries, Lie algebras and Gaussian states (SNU, Seoul).

International cooperations include entropy (University Autonoma, Barcelona, Spain,
Nagoya University, Japan), retrodiction (National University of Singapore), chaos and quan-
tum thermodynamics (University of Science and Technology, Singapore).
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2.1 Prethermalization in Proximity to Integrability

Sergej Flach

Conceptually, the notion of thermalization
in closed many-body Hamiltonian systems is
well defined for classical systems, in contrast
to quantum ones. The most reasonable way
to quantify thermalization is to measure the
time scales over which a time-averaged observ-
able becomes independent of the system’s ini-
tial state, up to a prescribed tolerance.

Ergodization time scales can be obtained
from time-averaged observable fluctuations (er-
godicity), while mixing or Lyapunov time scales
can be derived from the inverse of the computed
Lyapunov spectra. Lyapunov spectra are uni-
versal in the sense that they are invariant under
coordinate transformations, and are therefore
our preferred tool of analysis. Each integral of
motion enforces a pair of Lyapunov exponents
to vanish.

Lyapunov exponents appear in ± pairs; in
what follows, we consider only the irreducible
nonnegative part. We order the exponents as
Λ1 > Λ2 > · · · > ΛN , where N is the number of
degrees of freedom in our computations, and at
least ΛN = 0 due to energy conservation. We
characterize the spectrum conveniently by Λ1
and the rescaled spectrum Λ̄(ρ) with ρ = i/N .
The rescaled Kolmogorov–Sinai (KS) entropy,

κ =
∫ 1

0
Λ̄(ρ) dρ,

serves as a useful integral measure of the
rescaled spectrum.

Prethermalization. What, then, is prether-
malization? Assume that our Hamiltonian de-
pends on one or more tunable parameters,
while conserving energy and possibly several
other integrals of motion, a total of P ≥ 1.
As we vary these parameters, we may observe
that a time-averaged observable appears to con-
verge at some apparent time T1, yet its value
still depends on the initial state. This defines
an intermediate regime. At a later time T2, the
observable departs from this transient plateau
and eventually converges to a final asymptotic

value that is independent of the initial state. If
the interval T2 − T1 diverges as the parameter
approaches a limiting value, the phenomenon
qualifies as prethermalization.

Prethermalization may arise when the lim-
iting parameter restores one or more additional
(Q ≥ 1) integrals of motion on top of the exist-
ing P . If the total number P+Q remains finite,
a macroscopic system will still exhibit chaos
and a macroscopic number of nonzero Lya-
punov exponents. In this regime, the emerging
Q integrals of motion fluctuate slowly in time
and are often referred to as adiabatic invari-
ants.

A more extreme case occurs when the lim-
iting parameter restores all possible integrals of
motion, rendering the Hamiltonian integrable.
In the vicinity of integrability, the Lyapunov
spectrum collapses to zero. The largest Lya-
punov exponent typically vanishes algebraically
with the parameter variation. The scaling of
the spectrum may follow one of two scenar-
ios: (i) a long-range network regime, where
the rescaled KS entropy κ remains finite and
nonzero at the integrable limit, or (ii) a short-
range network regime, characterized by an ex-
ponential suppression of the spectrum relative
to the largest Lyapunov exponent [1], resulting
in a vanishing κ at the integrable limit [2, 3].

Special Initial States - FPUT and
Long Range Networks The long-
range network scenario is realized in a
Fermi–Pasta–Ulam–Tsingou (FPUT) chain in
the limit of weak nonlinearities or low en-
ergy densities. In this case, prethermalization
emerges due to special initial conditions—most
notably the classical FPUT condition, where
only a single mode (typically the lowest-
frequency one) is initially excited [4]. The
excited mode resonantly couples to a few low-
frequency modes but fails to excite nonresonant
higher modes, producing a nonequipartitioned
state that persists for a potentially large and
even diverging time T2. During this stage, the
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Figure 1: Time-dependent Kolmogorov�Sinai entropy in an � -FPUT chain with N =63 and
� =1=4, computed from roots (colored lines) and from a random state (black). Each panel corre-
sponds to an initial state with decreasing energy densityh, indicated in the upper left corner [6].

dynamics among the resonant low-frequency
modes remain chaotic, with a Lyapunov time
(the inverse of � 1) much shorter than T2. As
shown in Ref. [6], prethermalization manifests
as an anomaly in the temporal evolution of
the rescaled KS entropy, which dips below
its asymptotic value for extended intermediate
times. The duration of this dip increases both
as the energy density decreases and as the fre-
quency of the initially excited mode increases,
as illustrated in Fig. 1.

Generic Initial States - Short Range Net-
works Short-range network behavior can be
realized in systems where the nearest-neighbor
coupling tends to zero [1�3], or by introduc-
ing disorder [5]. In such cases, thermalization
slows down due to rare chaotic resonances that
are spatially separated by increasing distances
as the system approaches the integrable limit,
while their strength simultaneously diminishes.
Measurements of the largest Lyapunov expo-
nent � 1 then exhibit increasingly long time in-
tervals where the seemingly converged value de-
pends on the initial condition. Only for su�-

ciently long evolution times do all trajectories
converge to a unique value, as demonstrated in
Ref. [7], see Fig. 2.

Figure 2: Time evolution of the largest Lya-
punov exponent �( t) up to 1010 for di�erent
values of the coupling constant� in the short-
range network (SRN) case withg = 1 , within
the unitary circuits map [7]. Panels (a)�(f) cor-
respond to � = 0 :001; 0:002; 0:004; 0:006; 0:008;
and 0:01, respectively. Each panel shows 100
trajectories obtained from di�erent initial con-
ditions, displaying � 1(t) on a log10 scale. The
system consists ofN = 50 unit cells.
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2.2 Trotter transition in BCS pairing dynamics

A. Patra, E. A. Yuzbashyan, B. L. Altshuler, S. Flach

Introduction and Motivation: We in-
vestigate how time discretization � via Trot-
terization or equivalently symplectic integra-
tors � a�ects the dynamics of the integrable
reduced BCS model [1]. In both classical com-
putation and digital quantum simulation, com-
plex Hamiltonians are approximated by split-
ting them into solvable pieces, evolving under
each, and recombining. While exact in the con-
tinuum limit, �nite step sizes can generate ar-
ti�cial dynamics, sometimes chaotic. Earlier
studies showed that symplectic integration can
induce chaos in integrable systems like the Toda
chain. Here, the authors extend this line to the
mean-�eld reduced BCS Hamiltonian, a com-
pact system of classical spins representing An-
derson pseudospins.

The central discovery is a Trotter transi-
tion: as the Trotter step � grows, the system
undergoes a dynamical shift from weak chaos
(perturbed integrability) to strong, memoryless
chaos. This transition parallels quantum chaos
observed in digital simulations and shares fea-
tures with paradigmatic chaotic systems like
the kicked top.

The Reduced BCS Model and Trot-
terization: The reduced BCS Hamiltonian,

ĤBCS =
NX

j =1

" j (ĉy
j " ĉj " + ĉy

j #ĉj #)� g
NX

j;q =1

ĉy
j " ĉy

j #ĉq#ĉq" ;

(1)
describes Cooper pairing between time-
reversed states. Using Anderson pseudospins,
the model maps to a system ofN classical
spins under mean-�eld approximation. In the
thermodynamic limit, both the quantum and
mean-�eld forms are integrable.

To implement symplectic integration, the
Hamiltonian is split into two parts:

HBCS =
NX

j =1

2" j Sz
j

| {z }
H free

� g
NX

j;k =1

S+
j S�

k

| {z }
H int

� H free+ H int :

(2)
with each piece exactly solvable as rotations

of spins. The SABA2 integrator � which is
second order with a precision ofO(� 3) in the
single-step time evolution operatore�L , where
� is the step size andL is the Liouvillian oper-
ator � is employed to evolve the system, mim-
icking Suzuki-Trotter decompositions in quan-
tum simulation.

Diagnostic Tools � Lyapunov Spectra
and Entropy: Chaos is quanti�ed via Lya-
punov characteristic exponents (LCEs). These
measure exponential growth rates of in�nites-
imal deviations, obtained from the variational
equations of motion. The Lyapunov spectrum
encodes the full set of exponents, while the
maximum Lyapunov exponent (mLCE) � 1 sig-
nals chaos if positive. Another diagnostic is
the Kolmogorov�Sinai (KS) entropy, the sum of
positive exponents per degree of freedom, which
quanti�es information production.

The analysis reveals distinct scaling behav-
iors for � 1 with � � See Fig. 1:

ˆ Small � (near integrability): We have
� 1 / � � where� = 1 :40� 0:06 for N = 32
and � = 1 :29 � 0:09 for N = 64. Weak
chaos emerges due to long-range coupling
between action variables (long-range net-
work class).

ˆ Large � (memoryless chaos):In the mem-
oryless regime, we obtain� = � 0:85 �
0:02 both for N = 32 and N = 64.
Dynamics become strongly chaotic with
short temporal correlations, akin to er-
godic random maps.

The rescaled Kolmogorov-Sinai entropy mirrors
this transition: saturating at �nite values in the
weakly chaotic regime, but dropping sharply in
the memoryless regime.

Analytical Insights and Connection to
the Kicked Top: A remarkable feature is that
in the large � regime, the dynamics map onto
the well-studied kicked top. For N = 2 with
particle-hole symmetry, the SABA2 map re-
duces to iterations of a kicked top Hamiltonian.
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Figure 1: We showlog10 � 1 as a function of log10 � for N = 32 and 64. We have included the error
bars. For a �xed N , we choose a con�guration where all the spins point in random directions. In
the memoryless regime, theN dependence of� 1 is quite weak.

Figure 2: We show the rescaled Kolmogorov-Sinai entropy� as a function of log10 � for N = 32
and 64. In the inset, we show a magni�ed � versus � plot for the small � long-range network
regime.

This allows an analytical scaling law:

� � 1 � 2 ln
�
�=

p
N

�
+ CN ; (3)

where CN is a � independent constant. This
is valid only when �=

p
N � 1. This explains

the observed universal scaling and weakN -
dependence in the chaotic regime. From this,
the critical step size for the transition is esti-
mated as� c �

p
N , in excellent agreement with

numerics.

Conclusion and Broader Implications:
This paper demonstrates that time discretiza-
tion itself can induce chaos in an integrable
many-body model, leading to a Trotter tran-
sition governed by universal scaling. The
reduced BCS model provides a clean, com-
pact phase-space setting where both weak and
strong chaos can be systematically analyzed.
The interplay between symplectic integrators,
Lyapunov spectra, and mapping to the kicked

top reveals deep connections between numerical
methods, classical chaos, and quantum simula-
tion. These insights are not only of theoreti-
cal importance but also crucial for understand-
ing the reliability of digital quantum simulators
and classical integrators in many-body physics.

For digital quantum computers, Trotter er-
rors and chaotic instabilities may follow similar
scaling laws. The reduced BCS model's all-to-
all interactions make it relevant for near-term
quantum devices with global connectivity. Fu-
ture directions include studying disorder, noise,
and di�erent integrators, as well as exploring
nonlocal observables such as entanglement en-
tropy and the Loschmidt echo, where mean-
�eld theory breaks down.

[1] A. Patra, E. Yuzbashyan, B. Altshuler,
and S. Flach, Trotter transition in BCS
pairing dynamics, arXiv:2506.08657.
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2.3 Machine learning wave functions to identify fractal phases

Tilen ƒadeº, Barbara Dietz, Dario Rosa, Alexei Andreanov, Keith Slevin,
Tomi Ohtsuki

We demonstrate that an image recogni-
tion algorithm based on a convolutional neu-
ral network provides a powerful procedure to
di�erentiate between ergodic, non-ergodic ex-
tended (fractal) and localized phases in vari-
ous systems: single-particle models, including
random-matrix and random-graph models, and
many-body quantum systems [1]. We propose
an e�cient procedure in which the network is
successfully trained on a small data set of only
500wave functions (images) per class for a sin-
gle model which exhibits these phases. The
trained network is then used to classify phases
in the other models. We discuss the strengths
and limitations of the approach.

Convolutional neural networks are networks
which take a certain input in the form of a sin-
gle or multiple arrays, process it and produce
an output, based on the task to be ful�lled. In
the case of image recognition the CNN takes an
image as an input and as an output classi�es
the content of the image. A famous example
is the handwritten digit recognition, where the
task is to correctly recognize handwritten dig-
its. Here we use the CNN to recognize di�erent
phases of matter, speci�cally the ergodic ex-
tended phase, the non-ergodic extended (frac-
tal) phase and a localized phase in various sys-
tems.

To obtain the eigenfunctions we use the
exact diagonalization by solving the equation
H j � i = " � j � i , which is written as j � i =
P

i  � (i )ji i , where  � (i ) are the coe�cients of
the � -th eigenfunction in the basis ji i . The in-
put data given to the CNN are the squares of
the absolute value of the eigenstate coe�cients
j � (i )j2. The output classes of the CNN are
the probabilities that an eigenfunction belongs
to the ergodic (E), fractal (F) and localized (L)
states, respectively. We consider a set of mod-
els that exhibit a transition from extended to
localized phases, in some cases via an interme-
diate fractal phase.

To train and test the CNN we use the eigen-
states of the generalized Rosenzweig-Porter
model (gRP), which comprises Hermitian ran-
dom matrices whose elements are Gaussian dis-
tributed with zero mean. The variances of the
diagonal and o�-diagonal elements, denoted by
� 2

d and � 2
of f , respectively, are de�ned as

� 2
d = hH 2

nn i =
1

2N
; � 2

of f = hH 2
nm i =

1
4N 
 +1 :

(1)

Here, the parameter
 determines the strength
of the o�-diagonal matrix elements compared
to that of the diagonal ones. In this work we
consider real matrices so that at
 = 0 they are
members of the Gaussian orthogonal ensemble
(GOE). It was shown that the states around
the band center exhibit three distinct phases:
an ergodic phase for
 < 1, an extended non-
ergodic phase for1 < 
 < 2 and a localized
phase for 
 > 2. The phase diagram was con-
�rmed and the properties of the model were
further studied recently.

We use the three distinct phases of the gRP
model as the output classes of the CNN. For
training the CNN we use the eigenstates ob-
tained from diagonalizing the gRP model. We
use N � N matrices with N = 2048 and pro-
vide the absolute-value square of the eigenstate
coe�cients to the input layer. For each of the
three phases we extract a single eigenstate cor-
responding to the eigenenergy closest to the
band center, E = 0 , for in total 3 � 500 (er-
godic, fractal, localized) random-matrix real-
izations and use them as input training data
set. The 90% of the input data is used as a
training set and the remaining 10% as the val-
idation set. The output layer classi�es the er-
godic, fractal, and localized phases in terms of
probabilities for each phase.

The network architecture consists of two
convolutional layers, each followed by a pooling
layer where we utilize a max pooling strategy.
We �atten the data and apply a dense layer af-
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2.3. Machine learning wave functions to identify fractal phases

Figure 1: Left: Testing the trained CNN on the gRP model. The probabilities of each of
the phases as well as the average IPR (black dashed line) are shown. The gray vertical lines
indicate the analytical values 
 E and 
 L for the ergodic and Anderson transitions. Right: A
simple function of the probabilities associated with the di�erent phases obtained from the CNN,
P = 0 � PL + 1 � PF + 2 � PE , where PL ; PF ; PE are the probabilities for localized (L), fractal (F)
and ergodic (E) phases, respectively. Gray vertical lines mark the exact transition values.

ter the second pooling layer, followed by a rec-
ti�ed linear unit (ReLU) activation function.
Finally a second dense layer is applied followed
by a softmax activation. We use the categori-
cal crossentropy between the output probabil-
ities as a loss function during the training for
each of the three phases and the corresponding
labels.

After the training, we test the CNN on
a new set of gRP eigenstates: The resulting
probabilities for the three phases are shown in
Fig. 1. The CNN successfully recognizes each
of the phases with probability close to 1. For
both the phase transitions, the precision of the
determination of the critical value of 
 is about
10%. For comparison, we also plot the average
IPR.

For the extended Harper's model (eH) with
the modulated onsite potential Vn and modu-
lated nearest neighbor hoppingstn ,

H n = Vn  n + tn  n+1 + t �
n� 1 n� 1; (2)

Vn = 2 cos(2��n + ' )

tn = � 1 e� 2i�� (n+1 =2)� i' + � 2 + � 3 e2i�� (n+1 =2)+ i'

the phase diagram is established analytically.
We choose� = (

p
5 � 1)=2 and ' = 0 .

We consider a closed loop parameterized
the angle � in the two parameter space� 1; � 2,
which transverses all the three distinct phases
of the model

� 1 = 0 :5 + r0 sin(� );

� 2 = 1 :0 + 2r0 cos(� ): (3)

We set r0 = 1=4 and increased� from 0 to
2� in steps of 0:02� . For each point on the
loop, we test the CNN on the full spectrum
of eigenfunctions. The results are presented in
Fig. 1. The CNN recognizes the ergodic and lo-
calized phases with probabilities close to1 for
the majority of the states and correctly identi-
�es about 85% of the fractal states. The tran-
sition regions are sharp. Similar results were
observed for other models.

[1] Tilen ƒadeº, Barbara Dietz, Dario Rosa,
Alexei Andreanov, Keith Slevin, Tomi Oht-
suki, Phys. Rev. B 108, 184202 (2023).
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2.4 Enhancement of Superconductivity in the Fibonacci Chain

Meng Sun, Tilen ƒadeº, Igor Yurkevich, Alexei Andreanov

We study the interplay between quasiperi-
odic disorder and superconductivity in a
one-dimensional tight-binding model with the
quasiperiodic modulation of on-site energies
that follow the Fibonacci rule, and all the eigen-
states are multifractal [1]. As a signature of
multifractality, we observe the power-law de-
pendence of the correlation between di�erent
single-particle eigenstates as a function of their
energy di�erence. We numerically compute the
mean-�eld superconducting transition temper-
ature for every realization of a Fibonacci chain
of a given size and �nd the distribution of crit-
ical temperatures and analyze their statistics.
We �nd an enhancement of the critical temper-
ature compared to the analytical results that
are based on strong assumptions of the absence
of correlations and self-averaging of multiple
characteristics of the system, which are not jus-
ti�ed for the Fibonacci chain. For the very
weak coupling regime, we observe a crossover
where the self-averaging of the critical tem-
perature breaks down completely and strong
sample-to-sample �uctuations emerge.

We consider the 1D Fibonacci chain � a
fundamental model representing quasicrystals
� with on-site energies arranged according to
the Fibonacci rule:

ĤF = �
X

i

�
ĉy

i ĉi +1 + ĉy
i +1 ĉi + hi ĉ

y
i ĉi

�
; (1)

The potential hi takes two values� h which are
arranged according to the Fibonacci sequence
rule F : f A ! AB ; B ! Ag. The nth Fi-
bonacci sequenceSn is the concatenation of the
two previous onesSn = [ Sn� 1; Sn� 2]. For a
system of sizeL , we �rst write down a long
enough Fibonacci sequence, then cut a segment
containing L consecutive letters, and make the
substitution A ! h and B ! � h. This way,
we generateN = L=2 (N = (( L � 1) =2) for L
even (odd) number of di�erent realizations of
Fibonacci potential. This chain exhibits several
noteworthy properties: (i) construction follow-
ing a well-de�ned deterministic algorithm; (ii)
the Fibonacci chain possesses a �nite number of

possible con�gurations allowing detailed analy-
sis; (iii) all eigenstates exhibit multifractal be-
havior for all strengths of the onsite potential
h leading to intricate patterns with varying de-
grees of complexity and self-similarity.

The most important property of multifrac-
tal systems for the superconducting transition,
is the energy resolved overlap of di�erent eigen-
states,

C (! ) = L d
X

r ;n;m
hj n (r )j2j m (r )j2� (� m � � n � ! )i ;

(2)

where L d is the system volume,  n (r ), � n are
the eigenstate and eigenenergy of the Hamilto-
nian (1) and ! is the �xed energy di�erence be-
tween two eigenstates, respectively. This func-
tion demonstrates power-law decay at the An-
derson transition

C (! ) =
�

E0

j! j

� 


; (3)

in some frequency domain� L < ! < E 0, where
� L is the mean level spacing,E0 is the energy
scale, and 
 is connected to the multifractal
dimension. We con�rm the power-law decay
of the correlation in the Fibonacci chain, see
Fig. 1, for di�erent disorder strengths, by nu-
merical diagonalization of the Hamiltonian (1)
and averaging over di�erent realizations.

The spinful fermions on a tight-binding
chain with local attraction are described by the
negative-U Hubbard Hamiltonian,

Ĥ =
X

�
ĤF;� + U

LX

i =1

n̂i " n̂i #

where the single-particle part ĤF;� is given by
Eq. (1) for each of spin components� = " ; #,
and n̂i� = ĉy

i� ĉi� . To investigate the super-
conducting properties we write the Hamilto-
nian in the single particle eigenbasis ofĤF;� ,
ĉi� =

P
n  n (i ) ĉn� , and keep only the terms
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2.4. Enhancement of Superconductivity in the Fibonacci Chain

Figure 1: Left: The correlation function (2) of the Fibonacci chain for �xed system size L = 2000
and several disorder strengths. The solid black lines are the power-law �ts, Eq. (3). The �tted
values of
 and E0 are 
 � 0:0146; 0:0333; 0:0542; 0:0754and E0 � 82:1; 173:3; 254:6; 325:9 [� L ]
for h = 0 :1; 0:2; 0:3; 0:4. Right: The enhancement ratio R = TN

c =TA
c vs coupling � at L = 4000

for di�erent disorder strengths h: 0:2 (squares),0:25 (triangles) and 0:3 (circles). TN
c is the criti-

cal temperature computed numerically, TA
c is the critical temperature predicted by Eq. (5). The

black line corresponds toR = 1 and is shown for convenience.

most relevant for the superconductivity

Ĥ =
X

n�
� n ĉy

n� ĉn� + U
X

nm
M nm ĉy

n" ĉy
n#ĉm" ĉm#

M nm =
X

i

j n (i )j2j m (i )j2;

where � n is the single-particle energy of eigen-
state n obtained from Eq. (1). The subscripts
n; m label eigenvalues and eigenstate, and the
index i is the lattice index. The standard mean-
�eld/BCS approach leads to the gap equation

� n =
jUj
2

X

m

M nm � m

"m
tanh

�
� m

2T

�
: (4)

where"m =
p

� 2
m + � 2

m is the excitation energy
of the superconductor. The superconducting
transition is signaled by appearance of a non-
zero � n with decreasing temperatureT.

The absence of translation invariance in Fi-
bonacci potential, Eq. (1), makes solving the
gap equation di�cult. Typically one assumes
uncorrelated density of states and eigenstates,
M nm and � n , self-averaging of the density of
states and the gap functions � n . Then the
gap equation becomes solvable in the contin-

uous limit after averaging over the disorder re-
alisations:

�( � ) =
�
2

Z � D

� � D

d� 0

" (� 0)
C(� � � 0) tanh

�
" (� 0)
2T

�
�( � 0) :

(5)

We compute the critical temperature numeri-
cally without a priory assumptions and solve
the gap equation (4) in the limit of vanishing
gaps� n ! 0,

� n =
�

2� 0

j� m j<� DX

m

M nm

� m
tanh

�
� m

2Tc

�
� m : (6)

to �nd the critical temperature Tc numerically
for every realization of the Fibonacci potential,
and then analyze the statistics of the ensem-
ble of critical temperatures: their distribution
function, mean value and variance, as shown
in Fig. 1. We observe a clear enhancement of
superconducting temperature in the direct nu-
merical solution over the solvable case (5).

[1] Meng Sun, Tilen ƒadeº, Igor Yurkevich,
Alexei Andreanov, Phys. Rev. B 109, 134504
(2024).
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2.5 Nanomechanical cat states generated by a dc voltage-driven
Cooper pair box qubit

D. Radi¢, S.-J Choi, H. C. Park, J. Suh, R. I. Shekhter, L. Y. Gorelik

At the nanoscale, electromechanical trans-
duction enters a quantum regime where elec-
tron transport becomes strongly coupled to
mechanical motion. Nano-electromechanical
(NEM) devices harness this interaction to en-
able functionalities such as tunneling-based ac-
tuation, recti�cation, and single-electron shut-
tling. The addition of superconductivity intro-
duces qualitatively new behavior: the mechan-
ical motion of a superconducting island can
transfer Cooper pairs between electrodes, giv-
ing rise to Josephson coupling. This raises fun-
damental questions about how superconducting
qubit dynamics in�uence�and are in�uenced
by�nanomechanical motion, positioning such
systems at the frontier of hybrid quantum tech-
nologies.

Recent advances have shown that supercon-
ducting qubits can coherently control phonons,
enabling phonon-mediated entanglement and
quantum state transfer. Mechanical resonators
are particularly suited for encoding quan-
tum information in robust Schrödinger cat
states�superpositions of multiphonon coher-
ent states with built-in error resilience. This
work presents a theoretical proposal for gener-
ating such cat states using a Cooper pair box
(CPB) qubit coupled to a mechanical oscillator
under a dc voltage bias. The system exploits
tunable Josephson phase dynamics to entan-
gle the qubit with coherent mechanical states,
producing cat-like superpositions. Characteri-
zation via Wigner functions and entanglement
entropy, along with feasible detection strate-
gies, suggests that NEM�qubit hybrids could
serve as powerful platforms for quantum mem-
ory and communication.

We study a nanoelectromechanical system
where a Cooper pair box (CPB) qubit oscil-
lates between two bulk superconductors. A dc
bias voltage drives Josephson phase dynamics,

�( t) = 
 V t; 
 V =
2jejV

~
;

leading to entanglement between qubit states
and coherent states of the mechanical oscilla-
tor.

The Hamiltonian reads

Ĥ (t) = Ĥ0(t) + Ĥ1(t); (1)

Ĥ0(t) = EJ cos�( t) �̂ 1 +
~!
2

 
p̂2

~
+

x̂2

~

!

; (2)

Ĥ1(t) = "E J x̂ sin�( t) �̂ 2; (3)

where EJ is the Josephson energy,̂� i are Pauli
matrices for the CPB, and " � 1 the electrome-
chanical coupling.

At resonance ! = 
 V , the qubit becomes
entangled with mechanical coherent states

j	( t)i =
X

� = �

c� je(2)
� (t)i 


�
� � � (t)

�
;

with amplitudes � � (t) = ��te i!t and � =
"E J =~. A voltage on�o��on protocol further
generates cat states,

j	( t)i =
X

� = �

c�

�
� j� � (t � T)i + i� j� � � (t � T)i

�
;

with � 2 + � 2 = 1 .

The entanglement is quanti�ed by the re-
duced qubit state

%̂q(t) = 1
2

�
Î � � (t)�̂ 1

�
; � (t) = e� 2� 2 t2

;

yielding entanglement entropy Sen(t) ! log 2
at long times. The mechanical Wigner function
exhibits negativity, con�rming cat-state forma-
tion.

The period-averaged current,

hI (N ) i T =
e!
2�

h
r N (�NT )2 � EJ

~! � (�NT ; ts)
i
;

acts as an experimental signature.

Feasibility estimates with GHz mechanical
oscillators, Josephson energies0:1� 1 K, and
decoherence times� 1 � s show that nanoamp-
scale signals are measurable with present tech-
nology. Thus, the proposed mechanism o�ers
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2.5. Nanomechanical cat states generated by a dc voltage-driven Cooper pair box qubit

Figure 1: Schematic of the nano-electromechanical system: a Cooper pair box (CPB) qubit os-
cillates between two bulk superconductors under a dc bias voltage, enabling position-dependent
Cooper pair tunneling.

a path to encode superconducting qubit infor-
mation into robust multiphonon mechanical cat
states, with potential applications in quantum
communication.

This work investigates a nano-
electromechanical system in which a Cooper
pair box (CPB) qubit oscillates between two
superconductors. By applying a dc bias
voltage, the system can generate nanome-
chanical Schrödinger cat states � superpo-
sitions of coherent mechanical vibrations en-
tangled with qubit states. Theoretical analysis
(rotating-wave approximation and numerical
simulations) shows that resonance between the
Josephson frequency and mechanical oscilla-
tions leads to macroscopic entanglement. The
resulting cat states are con�rmed through the
Wigner function and quanti�ed by the entropy

of entanglement. Importantly, the study pro-
poses an experimental detection scheme: sig-
natures of these states can be observed in the
average electric current through the junction.
Feasibility estimates, based on realistic CPB
parameters and GHz-frequency resonators, in-
dicate that the predicted e�ects should be ob-
servable with existing technology. These results
highlight a pathway for encoding quantum in-
formation from superconducting qubits into ro-
bust multi-phonon mechanical states, o�ering
potential applications in quantum communica-
tion.

[1] Danko Radi¢, Sang-Jun Choi, Hee Chul
Park, Junho Suh, Robert I. Shekhter, and
Leonid Y. Gorelik, npj Quantum Informa-
tion 8, 74 (2022).
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2.6 A strain-engineered graphene qubit in a nanobubble

H. C. Park, JY. Han, N. Myoung

Graphene is an attractive candidate for
qubits due to its long relaxation and coherence
times. Since a qubit requires two discrete quan-
tum states, the formation of graphene quan-
tum dots (QDs) is essential for constructing
graphene-based qubits. Although various ap-
proaches have been pursued � including etched
nanoconstrictions, graphene nanoribbons, and
bilayer graphene � these inevitably introduce
disorder compared to pristine graphene, hinder-
ing precise control.

Strain engineering has emerged as a promis-
ing solution. Elastic deformation generates
pseudo-magnetic �elds (PMFs) in graphene, as
con�rmed experimentally by the observation
of strain-induced Landau levels. Non-uniform
PMFs can con�ne Dirac fermions, and theoreti-
cal studies have shown that graphene nanobub-
bles (NBs) can host localized states. This
points to a new class of graphene QDs de�ned
not by lithographic patterning, but by strain.

Another advantage of graphene lies in its
mechanical properties: its extremely high elas-
tic modulus (� 1 TPa), large failure strength
(> 100 GPa), and wide elastic strain limit (up
to 20%). These features make graphene an
ideal candidate for nanoelectromechanical de-
vices, where strain can be used not only for
band gap engineering and valleytronics, but
also for generating localized quantum states.

We consider an armchair graphene nanorib-
bon with a Gaussian-shaped nanobubble,

z(r ) = h0 exp

 

�
r 2

2� 2

!

;

where h0 is the height and � the lateral size of
the NB. Strain modi�es nearest-neighbor hop-
ping amplitudes in the tight-binding Hamilto-
nian,

t ij = t0 exp
�
� �

�
dij

a0
� 1

��
;

with t0 the unstrained hopping, a0 the lattice
constant, and � � 3:37.

The deformation acts as an e�ective gauge
�eld A ps that couples to Dirac fermions, giving
rise to a pseudo-magnetic �eld

B ps = r � A ps;

which has opposite sign in the two valleysK
and K 0. In the NB geometry, the strongly non-
uniform PMF con�nes Dirac fermions and cre-
ates discrete localized states.

When two such localized states appear,
they form a double quantum dot(DQD). This
DQD can be modeled as atwo-level system
(TLS) described by

ĤTLS =
�
2

�̂ z + t �̂ x ;

where � is the energy detuning between the
two localized states andt is the tunnel coupling
strength. The eigenenergies

E � = � 1
2

p
� 2 + 4 t2

show an avoided crossing as� passes through
zero, the hallmark of qubit formation in this
system.

Electrostatic gates allow external control of
� , while strain modulates both � and t by re-
shaping the PMF pro�le. Thus, the NB-based
TLS is controllable through both electrical and
mechanical means, making it a highly tunable
graphene qubit platform.

In conclusion, strain-engineered nanobub-
bles in pristine graphene o�er a robust,
disorder-free route to qubit realization. Such
devices combine mechanical tunability, ultra-
fast operation, and long coherence times, point-
ing toward a promising direction for graphene-
based quantum technologies.

Beyond the immediate demonstration of
avoided crossings, Landau�Zener splitting con-
trol, and picosecond-scale Rabi oscillations,
this work establishes a general framework
for using mechanical strain to de�ne quan-
tum degrees of freedom in otherwise gap-
less two-dimensional materials. Unlike etched
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Figure 2: Rabi oscillation map showingSz expectation values de�ned in the concept of a Bloch
sphere. hSz i = 1 indicates that the TLS resides in the j + i state, i.e., an excited state. The zero
detuning implies that the two QDs in the NB are set to be identical for the TLS formation at the
avoided crossing point.

nanostructures or bilayer devices, nanobubble-
induced quantum dots preserve the intrin-
sic quality of monolayer graphene, minimiz-
ing disorder and decoherence. The dual con-
trol via both electrostatic gates and mechanical
strain provides exceptional �exibility for quan-
tum state manipulation, bringing together elec-
tronic, mechanical, and valley degrees of free-
dom.

From a technological perspective, this ap-
proach suggests a pathway toward scalable
graphene qubit architectures integrated with
nanoelectromechanical systems (NEMS). Ar-
rays of nanobubbles could, in principle, be engi-
neered to realize networks of coupled TLSs, en-
abling multi-qubit interactions. Furthermore,
the strain-tunable energy spectrum makes
the system suitable for implementing non-
adiabatic control protocols, such as Landau�

Zener�Stückelberg interference, for fast and
high-�delity qubit operations.

More broadly, the results highlight the po-
tential of strain engineering as a universal strat-
egy for quantum material design. By exploiting
localized states generated by PMFs, one can
envision hybrid architectures where graphene
qubits are coupled to optical cavities, supercon-
ducting resonators, or phononic modes, thereby
bridging condensed-matter physics with quan-
tum communication and quantum sensing.
This line of research thus not only demonstrates
a speci�c qubit realization, but also sets the
stage for the development of next-generation
strain-de�ned quantum devices.

[1] Hee Chul Park, JungYun Han, and Nojoon
Myoung, Quantum Sci. Technol. 8, 025012
(2023).
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2.7 The proposal for the photoinduced anomalous supercurrent
Hall e�ect

A. V. Para�lo, M. V. Boev, I. G. Savenko

The optical response of superconductors is
a key tool to probe their quantum proper-
ties, yet the interaction between electromag-
netic �elds and superconductors remains di�-
cult because superconducting samples expel ex-
ternal �elds. Understanding this coupling is es-
sential for both fundamental studies and poten-
tial light-controlled transport of Cooper pairs.
Proposed nonlinear and higher-order optical
e�ects include electric-�eld-induced enhance-
ment of superconductivity, second-harmonic
generation under supercurrent injection, and
light-mediated superconductivity. Another
possible route is the photoinduced anomalous
Hall e�ect, where a dc supercurrent develops a
Hall-like transverse component.

In non-superconducting materials, the
anomalous Hall e�ect appears as a trans-
verse current without magnetic �elds, driven
by spin�orbit coupling or valley polarization,
and photoinduced variants have been demon-
strated in several systems. However, in clean
single-band Bardeen�Cooper�Schrie�er super-
conductors, particle�hole and inversion symme-
tries forbid momentum-conserving optical tran-
sitions. Such transitions become possible only
when inversion symmetry is broken or when im-
purity scattering or multiband e�ects intervene.

Mattis and Bardeen showed that optical ab-
sorption across the superconducting gap van-
ishes in the clean limit because electron- and
hole-like states are orthogonal, while impurity
scattering restores �nite absorption, as con-
�rmed experimentally. Even in clean supercon-
ductors, inversion breaking or spin�orbit cou-
pling can allow optical transitions, but Galilean
invariance in parabolic bands suppresses them.
Hence, realizing a photoinduced Hall-like re-
sponse requires a mechanism breaking inver-
sion, time-reversal, and Galilean symmetries,
for example through weak impurity scattering.

We showed that even in a single-band BCS
superconductor, the breaking of both inver-

sion and time-reversal symmetries by means
of a built-in supercurrent, and the break-
ing of Galilean invariance by (weak) electron-
impurity scattering, results in photoinduced
transport of Cooper-pair condensate in the
direction transverse to the built-in supercur-
rent [1]. Hereby we de�ned the photoinduced
anomalous suppercurrent Hall e�ect. At the
temperatures T � � with � the SC order pa-
rameter, the equilibrium density of quasipar-
ticiples above the gap is negligibly small in
the absence of external radiation. Therefore,
we expect that the photoinduced Hall response
should be determined by the inelastic quasipar-
ticle relaxation time � R associated with the re-
combination processes of quasiparticles across
the gap. It is important to note, that large � R

at su�ciently low temperatures provides large
values of the supercurrent, opening a way for
the experimental veri�cation of its existence.

The idea behind the supercurrent Hall e�ect
can be roughly explained using phenomenolog-
ical arguments. Let us consider a 2D layer with
a built-in stationary supercurrent generated ei-
ther by, e.g., a transport current or an external
applied magnetic �eld. The supercurrent is the
consequence of nonzero supermomentumps of
the Cooper pairs, associated with the phase dif-
ference of the condensate at the edges of the
sample.

Furthermore, if an isotropic 2D supercon-
ductor in supercurrent-carrying regime is nor-
mally illuminated by an external EM radiation
characterized by the in-plain vector potential
A (t) = A exp (� i!t ) + A � exp (i!t ), the pho-
toinduced stationary current of quasiparticles
excited across the SC gap in the most general
form reads as

j = a! jAj 2ps + b! [A (A � � ps) + ( A � ps)A � ]
(1)

+ ic! [ps � [A � A � ]]:

The �rst term in Eq. (1) gives the longitudinal
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(aligned along the supercurrent �ow) photoex-
cited current density; the second term contains
both the longitudinal and transverse quasipar-
ticle current density responses; the third term
gives only the transverse response. Anisotropic
contributions characterized by the terms pro-
portional to coe�cients b! and c! are induced
by linearly and circularly polarized radiation,
respectively. Note, that Eq. (1) is valid only for
relatively small values of the supercurrent den-
sity, jpsjvF � � , where vF is electron Fermi
velocity.

We focus on the transverse component of
the current (1), j y = b! (A xA �

y + A �
xA y)ps +

ic! (A xA �
y � A �

xA y)ps by choosing the direc-
tion of condensate �ow along the x-axis, ps =
(ps; 0). Using the terminology of the two-�uid
model, we call j y the photoexcited current of
quasiparticles contributing to the normal com-
ponent of electron �uid. It provides an accu-
mulation of carriers of charge at the transverse
boundaries of the sample. In the case of a non-
SC material, such an accumulation results in
the emergence of the Hall electric �eld. In the
case of a SC material, instead, the electric �eld
cannot penetrate the SC sample. Therefore,
the transverse quasiparticle current j y should
be accompanied by an inducedtransverse con-
densate �ow j s in such a way, that the Hall
electric �eld is compensated, thus j s + j y = 0 ,
and the net transverse electric current vanishes.

Furthermore, even though the net current
vanishes, the emergence ofj s produces the
condensate phase di�erence on the transverse
boundaries of the sample,� � H / � j yw, where
w is the width of the 2D SC sample acrossps

in y direction. The Hall-like condensate phase
di�erence � � H directly relates to the coe�-
cients b! and c! , which determine the quasi-
particle optical response across the SC gap. In
what follows, let us build a microscopic theory
to �nd c! , thus considering circularly polarized
EM �eld.

In the absence of relaxation processes, the
Hamiltonian of a 2D superconductor with an
isotropic s-type BCS pairing exposed to an ex-
ternal EM �eld reads (in ~ = kB = c = 1 units)

Ĥ =

 
� (p � ps � eA (t)) �

� � � (p + ps + eA(t))

!

:

(2)

Here, � (p) � � p = p2=2m � EF is the electron
kinetic energy measured from the Fermi energy
EF , and � we assume real-valued. The current
density operator and the current density obey
the standard relations,

ĵ = �
� Ĥ
� A

; j (t) = � i Sp
n

ĵ Ĝ< (t; t )
o

; (3)

where Ĝ< (t; t ) is a lesser component of the
Green's function de�ned by the matrix equa-
tion (i@t � Ĥ )Ĝ(t � t0) = � (t � t0) in the Nambu
and Keldysh representation.

In the absence of impurities, a single-band
superconductor with parabolic electron disper-
sion possesses the Galilean invariance with
or without a built-in supercurrent. Conse-
quently, optical absorption vanishes in both
cases. Meanwhile, the second-order stationary
response is a consequence of photoabsorption
across the gap. Thus, it vanishes in clean case
both in the absence and presence of the super-
current. The optical absorption and the pho-
toinduced electric current (1) acquire �nite val-
ues when the Galilean invariance is violated.
We considered the case when it happens due to
the presence of electron-impurity scattering in
the sample.

To �nd the photocurrent in the presence
of impurities, we accounted for electron scat-
tering and relaxation processes associated with
the transition of photoexcited quasiparticles to
the SC condensate in the Green's function in
Eq. (3). All the relaxation processes are char-
acterized by the parameter

1
� p

=
1
� i

j� pj
� p

+
1

� R
; (4)

where the �rst term describes the quasiparti-
cle relaxation due to the scattering o� impu-
rities, while the second term accounts for the
recombination back to the condensate, charac-
terized by the parameter � R . The dominant
inelastic process is the recombination across
the SC gap, characterized by� R since � p =
� i � R � p=(� R j� pj + � i � p) � � R at j� pj ! 0.

[1] A. V. Para�lo, V. M. Kovalev, and I. G.
Savenko, Phys. Rev. B Letters 108, L180509
(2023)
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2.8 A proposal for a superconducting photodiode

A. V. Para�lo, M. V. Boev, I. G. Savenko

A semiconducting diode has a p�n junc-
tion that conducts current mainly in one di-
rection, enabling recti�cation in electronic cir-
cuits. A superconducting (SC) diode, in con-
trast, works without a p�n junction, allow-
ing asymmetric �ow of Cooper-pair supercur-
rent and thus diode-like behavior. Recent
advances have demonstrated such recti�cation
in superconductors, suggesting new circuit de-
signs, while the photoresponse of SC materi-
als remains challenging since uniform electro-
magnetic �elds couple weakly to them, making
e�cient light�matter interaction an important
goal.

We considered the nonlinear contribution in
the external EM �eld amplitude. To demon-
strate the sensitivity of the proposed photodi-
ode to the frequency and polarization of an
external EM �eld, we studied the properties
of photoinduced anomalous transverse trans-
port of Cooper pairs [1]. We considered an
isotropic 2D layer below the SC critical tem-
perature Tc but at a �nite temperature T and
with a given (source) stationary current of
Cooper pairs j s in the x-direction. Further-
more, the sample was illuminated by an exter-
nal EM �eld, described by the vector-potential
A (t) = A exp (� i!t ) + A � exp (i!t ) at a nor-
mal incidence. Since there is a �nite amount of
thermally excited quasiparticles above the SC
gap � at T 6= 0 , we can restrict ourselves to
considering ! � � =~. The EM �eld is circu-
larly polarized, A = A 0(1; i� ), where � = � 1
stands for the left/right circular polarization.
As a result of the light absorption by the sam-
ple, a photoinduced electric current of electrons
above the SC gap emerges, the stationary part
of which reads

j = ic! [ps � [A � A � ]]; (1)

where ps = ( ps; 0) is the Cooper pairs' mo-
mentum. Phenomenological expression (1) de-
scribes the stationary photoinduced electric
current in the system due to the emergence of
a correction to the electron distribution func-

tion, �f (v ; E; ps) / (v �E)(v �E � )(v �ps), which
refers to the phenomenon calledthe anisotropic
alignment of photoelectrons. It provides the ac-
cumulation of positive and negative charges at
the transverse boundaries of the sample.

Since the electric �eld nearly cannot pene-
trate the SC sample, the current of photoin-
duced quasiparticles (1) should be accompa-
nied by an induced condensate �ow so that
the electric �eld is compensated, following the
general properties of superconductors. As a
result, there emerges a �ow of a frequency-
and polarization-controlled unidirectional elec-
tric current of Cooper pairs j p. Indeed, the
photoinduced quasiparticle current (1) as a
response to the circularly-polarized EM �eld,
must vanish both at zero frequencies,! ! 0,
and large frequencies,! ! 1 . It also changes
its sign if the built-in supercurrent changes its
direction to the opposite one, j s ! � j s.

The Hamiltonian of a single-band isotropic
2D s-wave superconductor exposed to an exter-
nal EM �eld reads ( ~ = kB = c = 1 )

Ĥ =

�
� (p � p s � eA (t)) �

� � � (� p � p s � eA (t))

�
;

(2)

where � (p) � � p = p2=2m � EF is the electron
kinetic energy, EF is the Fermi energy, and� is
a SC gap, which we assume to be real-valued.
The electric current density is determined as
the trace of the current operator with a �lesser�
component of the Green's function,

j (t) = � i Tr
n

ĵ Ĝ< (t; t )
o

: (3)

In Eq. (3), the operator of the current repre-
sents the variation of the Hamiltonian (2) over
the vector-potential,

ĵ = �
� Ĥ
� A

= ev �
eps

m
�̂ z �

e2A
m

�̂ z; (4)

and Ĝ< (t; t 0) is the lesser component of the
Keldysh Green's functionĜ(t; t 0) determined by
the equation (i@t � Ĥ )Ĝ(t; t 0) = � (t � t0).

Expanding Ĝ(t; t 0) up to the �rst order with
respect to ps and up to the second order with
respect to A(t) yields the total current density.
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The resulting components of the current den-
sity read

j ( a;b ) = ie3
X

p

Z
dt1

Z
dt2Tr

�

̂ ( a;b ) ĝ(t; t 1)

� 
̂ ( a;b )
� ĝ(t1 ; t2)
̂ ( a;b )

� ĝ(t2 ; t )
o <

; (5)

j ( c) =
ie3

m

X

p

Z
dt1

Tr
n


̂ ( c) ĝ(t; t 1)
̂ ( c)
� ĝ(t1 ; t )

o <

; (6)

where ĝ(t; t 0) is a bare Keldysh Green's func-
tion, which represents a solution of the equation
(i@t � Ĥ )ĝ(t; t 0) = � (t � t0) with the Hamilto-
nian (2), in which ps = 0 and A 0 = 0 ; 
 (a;b;c)

;+ ;�

are generalised vertices: 
̂ (a)= v, 
̂ (b;c)= A �̂ z,

̂ (a;b)

+ =( v � A ), 
̂ (a;c)
� =( vs � A )�̂ z, 
̂ (b)

� =( v � vs),
with vs= ps=m. Furthermore, in Eqs. (5)
and (6) let us shift to the energy-momentum
representation and consider the �rst stationary
photo-induced correction to the current den-
sity. Direct calculation of the current density
using the bare Green's functionĝ� = ( � � �^� x �
� p �̂ z) � 1 gives a vanishing contribution, as ex-
pected: The selection rules forbid optical ab-
sorption in the superconductor due to preserv-
ing the Galilean invariance even in the case of
broken spatial symmetry (ps 6= 0 ).

The Galilean invariance can be broken by
an account of either i) non-parabolicity of the
electronic dispersion, or ii) multi-bands, or iii)
impurities. We will use the latter mechanism
(the scattering on non-magnetic impurities).
Solving the Dyson equation and averaging over
the disorder potential, we �nd the retarded, ad-
vanced, and lesser Green's function of electrons
in 2D superconductor:

ĝR
� =

�� � + � p �̂ z + � � � �̂ x�
� � � p + i

2� p

� �
� + � p + i

2� p

� ; (7)

ĝA
� =

�
ĝR

�

� �
; ĝ<

� = � f �

�
ĝR

� � ĝA
�

�
:

Here, � p =
q

� 2
p + � 2 is the quasiparticles

dispersion, � p is their e�ective lifetime, f � =
[exp(�=T )+1] � 1 is the Fermi-Dirac distribution
function,

� � = 1 +
i

2� i

sign[� ]
p

� 2 � � 2
(8)

is a renormalization factor, which accounts for
the disorder with � i = (2 �� 0nu2

0) � 1 the charac-
teristic time of electron scattering on impurities

with � 0 is the density of states of electron gas
in non-SC state, n is the density of impurities,
u0 is the impurity electrostatic potential.

However, the elastic scattering (character-
ized by � i ) is not the only mechanism, and, in
general, various relaxation processes may play
role in a SC sample exposed to an EM �eld.
Which particular relaxation time makes a dom-
inant contribution depends on the frequency of
the EM �eld, the properties of the SC sample,
and how the frequency is related to the SC gap.
At small frequencies ! � � and the temper-
atures in the vicinity of the SC critical tem-
perature Tc, the optical conductivity depends
on the inelastic relaxation time � E , which is,
in turn, determined by the energy relaxation of
quasiparticles in 2D �lms. Altogether, the re-
laxation processes are described by the e�ective
inverse lifetime,

1
� p

=
1

� E
+

1
� i

j� p j
� p

: (9)

Substituting � p in equations above and per-
forming calculations, we found:

j (a)
y + j (b)

y =
4j 0!� E

[1 + ( !� E )2]2
� E

� i

�
�
2T

� 2

I 1

�
�
2T

�
; (10)

j (c)
y =

j 0

2
!� E

1 + ( !� E )2

1
(2T � i )2

�
�
2T

� 2

I 2

�
�
2T

�
; (11)

wherej 0 = � (e3psA 2
0=m� ), and the dimension-

less integrals read

I 1(y) =
Z 1

y

dx

x2 cosh2(x)
; (12)

I 2(y) =
Z 1

y

dx

x3 cosh2(x)

1
p

x2 � y2
: (13)

Eqs. (10) and (11) also account for the tem-
perature dependence of the SC gap,�( T) =
� 0 tanh

�
1:76

p
Tc=T � 1

�
with � 0� �( T=0)

and Tc = � 0(exp[0:577]=� ). The emer-
gent photodiode supercurrent reads asj p =

�
�
j (a)

y + j (b)
y + j (c)

y

�
.

Formulas (10) and (11) describe the main
contributions to the photodiode current density
and constitute the main result of this work.

[1] A. V. Para�lo, M. Sun, K. Sonowal, V. M.
Kovalev and I. G. Savenko, 2D Mater. 12,
011001 (2024).
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2.9 Quantum Charging Advantage Cannot Be Extensive
without Global Operations

Ju-Yeon Gyhm, Dominik ’afránek, Dario Rosa

Quantum batteries are devices made from
quantum states, which are used to store and re-
lease energy on demand. They have attracted a
signi�cant amount of attention in recent years,
since they o�er a signi�cant charging speedup
whenever entangling operations are used in the
charging process, thus creating an instance of
a quantum advantage. In [1] it was rigorously
shown that the maximal possible speedup is
extensive in the number of individual quan-
tum cells making the battery, thus o�ering at
most quadratic scaling in the charging power
over the classically achievable linear scaling. To
reach such a scaling, a global charging protocol,
charging all the cells collectively, must be em-
ployed.

More concretely, the quantum charging ad-
vantage can be quanti�ed by studying the ratio,
� , between the charging power obtained via a
given charging protocol and the power obtained
by means of non-entangling operations. It was
already known in the literature that a general
bound on � reads

� � 

�
k2(m � 1) + k

�
; (1)

where
 is a model-dependent constant,k is the
maximum number of cells that are collectively
charged (thus denoting the presence ofglobal
charging operations), while m (called partici-
pation number ) is the maximum number of
parallel charging operations in which a single
cell appears. However, it was already known
that the bound above is quite loose and not
very informative.

In [1], it has been shown that a general
quantum charging provides at most an exten-
sive advantage over classical charging. Further-
more, it has been shown that this scaling is
achievable only via global charging operations,
i.e., all-to-all interactions � and more generally,
the participation number � do not play any role
in generating a quantum charging advantage.
In concrete, [1] improves the bound of Eq. (1)

to the following, more stringent bound

� � 
k ; (2)

thus making evident that the maximal charg-
ing advantage scaleslinearly with the number
of quantum cells.

The result above, which provides a rigorous
proof of a conjecture that was open in the liter-
ature for more than 5 years, has been obtained
by �rst proving the following general result,
which applies to a completely generic charg-
ing process driven by a charging Hamiltonian
V̂ (t), even beyond the case of a battery made
of several independent cells

jP(t)j � � E jjV (t)jj ; (3)

where P(t) refers to the charging power at the
time t, jjV (t)jj refers to the operator norm of
the charging Hamiltonian V̂ (t) (and it can al-
ways be rede�ned in a way that it does not
play any non-trivial role) and � E is the max-
imum energy jump that can be induced, in a
single time step, byV̂ (t). This latter term rep-
resents the crucial ingredient in the study of
the charging power. While non-trivial to prove,
this result is very intuitive a posteriori. The
charging power is the amount of energy stored
in the battery in a single time step. Thus, this
change in energy must be bounded by the max-
imum amount of energy that the driving term
can transfer to the system during that time.
The bound in Eq. (2) can be �nally obtained
as a simple corollary of the much more general
result described in Eq. (3).

In summary, this result has concluded the
quest on the limits of charging power of quan-
tum batteries and has added to other results in
which quantum methods are known to provide
at most quadratic scaling over their classical
counterparts.

[1] J. Y. Gyhm, D. ’afránek and D. Rosa,
Phys. Rev. Lett. 128, no.14, 140501 (2022).
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2.10 Micromasers as Quantum Batteries

Vahid Shaghaghi, Varinder Singh, Giuliano Benenti, Dario Rosa

The paper [1] studies the possibility of
building new e�cient architectures of quantum
batteries. A quantum battery is a quantum
mechanical system suitable to store energy in
some of its highly excited states, to be released
on demand. In the literature, several models
of quantum batteries have been proposed and
studied, and their relevant �gures of merit have
been extensively investigated.

On a more practical level, proposals to con-
cretely build quantum batteries have emerged,
including models realized by spin chains and
qubit systems charged by electromagnetic
�elds. However, with some very recent lim-
ited exceptions, achievements on actual experi-
mental realizations have been limited. In [1],
a well-known and well-studied model � the
micromaser � has been re-explored and re-
interpreted as a quantum battery architecture.
In a micromaser, a stream of qubits (two-level
atoms in cavity QED) sequentially interact
with a cavity mode with a high-quality factor.
That is, the radiation decay time is much larger
than the characteristic time of the qubit��eld
interaction, and the overall evolution is, to a
good approximation, coherent. [1] shows that
a micromaser can be quickly charged to reach
an almost steady state, whose energy is con-
trolled by the physical parameters de�ning the
model. The possibility of reaching an (almost)
steady state is crucial to ensure the stability of
the energy stored in the battery, without un-
wanted temporal �uctuations. Moreover, and
crucially, the almost steady states are approxi-
mately pure and therefore, in principle, almost
all their energy can be reversibly extracted.
This is a very surprising feature, since dynam-
ics in micromasers involve a trace over qubit
degrees of freedom after each interaction.

These surprising and important results are
obtained numerically, even in the so-called
ultra-strong coupling limit , in which the atom-
�eld dynamics is described by the following

Rabi Hamiltonian in the interaction picture:

Ĥ I = g
�
â�̂ + + e2i!t ây�̂ + + h :c:

�
; (1)

where g denotes the interaction strength, ây
and â are the creation/annihilation operators
for the �eld, �̂ + is the raising operator for the
qubit, and ! is the (resonant) frequency of the
qubits and of the �eld.

The dynamics of the �eld can be mathe-
matically described in terms of the following,
non-unitary, discrete map

�̂ B (k+1) = Tr q

�
ÛI (g; ! )�̂ B (k)Ûy

I (g; ! )
�

; (2)

where the unitary operator ÛI (g; ! ) is the op-
erator governing the dynamics of the �eld and
of the (k + 1) qubit, as described by the inter-
action Hamiltonian Eq. (1), and the operation
Tr q denotes the partial trace over the qubit de-
grees of fredom, thus leaving with the state of
the �eld after the qubit has left the cavity.

As already anticipated, the dynamics de-
scribed by the Rabi Hamiltonian Eq. (1) cannot
be solved analytically, and it becomes manda-
tory to investigate it numerically. On the other
hand, in the weak-coupling limit g � 1, the
dynamics turns out to be equivalent to the
so-called Jaynes-Cummings (JC) Hamiltonian,
which can be solved analytically, and for which
the presence of specialtrapping statesis known.

The results of this numerical investigation
are reported in Fig. 1.

In panel (a), it is shown that, even for
values of g=! outside of the weak-coupling
limit, the dynamics still can lead to some
sort of metastable steady state, with the en-
ergy that remains constant for a large num-
ber of collisions before leaving the metastable
state. Interestingly, the degree of stability of
the metastable state is controlled not only by
the ratio g=! , but also by the coupling param-
eter g itself. Interestingly, these metastable
states are characterized by high levels of purity,
as clearly visible from the analysis of the pu-
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Figure 1: A summary of the charging performance of the micromaser quantum battery.

rity quanti�er P(k) = Tr
�
�̂ 2(k)

�
. These �nd-

ings can be better understood by studying the
distribution of the absolute values of the den-
sity matrix elements, j�̂ mn j2, in the metastable
states, as shown in panel (b): the dynamics,
although far from the JC regime, still feel the
presence of the trapping states characteristic of
the JC Hamiltonian. In this situation, the �eld
state remains con�ned for a long time to a sin-
gle trapping chamber, and therefore, it cannot
increase its energy anymore, while the inter-
action with the incoming qubits serves now to

build purity. Eventually, the trapping condi-
tion is lost, and the evolution is then free to
explore subsequent trapping chambers.

All in all, these results support the idea that
a micromaser can serve as an excellent frame-
work to build a quantum battery; perhaps with
an easier implementation in current experimen-
tally accessible architectures.

[1] V. Shaghaghi, V. Singh, G. Benenti and
D. Rosa, Quantum Sci. Technol. 7, no.4,
04LT01 (2022).
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2.11 Bloch theorem dictated wave chaos in microcavity crystals

Chang-Hwan Yi, Hee Chul Park, Moon Jip Park

This work extends wave-chaos physics from
single deformed microcavities to periodic mi-
crocavity lattices. The authors demonstrate
that Bloch momentum acts as a tunable
knob that adiabatically deforms internal cav-
ity states, hybridizes degenerate scar modes,
and induces a dynamical localization transi-
tion. At Brillouin-zone boundaries, maximal
momentum coupling reshapes intracavity �eld
patterns and produces parity-selected regular
states as well as �at-band segments. Controlled
boundary deformations convert symmetry-
protected quadratic band touching (QBT) into
pairs of Dirac nodes, and further symmetry
breaking generates a Berry-curvature dipole
that drives skew light transport. Microcavity
crystals thus emerge as a versatile platform for
in situ control of wave chaos, topology, and pho-
tonic transport.

In isolated microcavities, wave chaos is en-
gineered by lithographic boundary deforma-
tion, which modi�es the mixed regular/chaotic
structure of ray dynamics and produces scar
modes. The conceptual advance here is that
Bloch's theorem introduces an �external knob�:
the total wavefunction factorizes as

	 tot (r ) = ei k �r  int (r );

so tuning lattice momentum k acts as an ef-
fective deformation that breaks or restores in-
ternal rotational symmetries. This cavity�
momentum locking substitutes for physical
boundary changes and is continuously tunable.

The system is a square lattice of dielectric
microcavities (TM polarization) with refractive
index ratio nin =nout = 10 and lattice constant
a = 2 :2R. Each cavity boundary carries a
C4 deformation of strength " . Mode spectra
and �elds are obtained via a boundary-element
method with periodic boundary conditions.

For small " , a single cavity supports two de-
generate scar modes associated with a period-2
unstable orbit. At k = � , these appear as de-
generate lattice modes. Finite momentum lifts
the degeneracy and hybridizes them into bow-

tie�like period-4 orbits. An e�ective two-level
Hamiltonian captures the hybridization, and
the spinor texture exhibits a 2� Berry phase
enforcing a C4-protected QBT.

At X and Y points, Bloch conditions en-
force anti-periodicity. The scar combinations
reorganize into even- and odd-parity states.
Even-parity modes are con�ned and yield an
almost �at band along X � M , while odd-parity
modes shift weight outward, lowering energy.
At M , global C4 symmetry restores the QBT.

Introducing a small boundary deforma-
tion drives topological transitions. Even-
N deformations split the QBT into two
Dirac points, whereas odd-N deformations gap
them, producing �nite Berry curvature with
zero monopole charge but a nonzero Berry-
curvature dipole. This dipole acts as an ef-
fective �eld in semiclassical dynamics, gener-
ating skew-symmetric beam transport control-
lable by incident momentum.

Cavity�momentum locking enables in situ
phase-space control of wave chaos without
refabrication. The scar-state spinor fur-
nishes a minimal symmetry-protected unit that
demonstrates dynamical localization transi-
tions. Momentum-selective con�nement yields
nearly �at bands, promising for enhanced light�
matter interaction and nonlinear optics. Berry-
curvature dipoles in the Mie regime open a path
to nonlinear Hall-type photonic transport.

Future directions include: (i) non-Bravais
lattices (e.g., Lieb, Kagome) with intrinsic �at
bands; (ii) dynamical tunneling under mo-
mentum ramps; (iii) non-Hermitian extensions
probing exceptional-point physics; and (iv) ac-
tive devices exploiting skew scattering for non-
reciprocal beam steering. Together, these re-
sults establish microcavity crystals as a power-
ful testbed for studying wave chaos, topology,
and functional photonics.

[1] Chang-Hwan Yi, Hee Chul Park, and Moon
Jip Park, Light: Science & Applications 12,
106 (2023); arXiv:2203.14861
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Figure 1: Bloch theorem dictated scar lattice. a Conceptual illustration of a photonic crystal
consisting of a deformed dielectric microcavities. b Schematic diagram of a square lattice unit-cell
with a lattice constant a. c Real part resonant frequencies in a single cavity as a function of the
cavity deformation. d Energy eigenvalues in a cavity array lattice at zero crystalline momentum
k = 0. In c and d, successive Demkov-type couplings for the stable regular modes and the scar
modes are highlighted by thick curves. The arrows mark the degenerated scar modes (solid and
dashed curves) we study.
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2.12 Hierarchical zero- and one-dimensional topological states
in symmetry-controllable grain boundary
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Moon Jip Park, Hyo Won Kim

This study presents direct experimental
evidence for hierarchical transitions between
one-dimensional (1D) and zero-dimensional
(0D) topological states at grain boundaries
(GBs) in the quantum spin Hall material 1T 0�
MoTe2. Using a scanning tunneling micro-
scope (STM) press-and-pulse technique, the au-
thors construct symmetry-enforced GBs with
either nonsymmorphic (NonSymC2) or sym-
morphic (SymC2) rotational symmetry. Non-
SymC2 GBs preserve �rst-order 1D topological
edge states via nonsymmorphic band degener-
acy, whereas SymC2 GBs lose protection, be-
come gapped, and realize higher-order topol-
ogy through localized 0D boundary states at
GB ends. This hierarchical realization demon-
strates a controllable platform for symmetry-
tuned topological phases.

Topological crystalline insulators and
higher-order topological insulators (HOTIs)
extend bulk�boundary correspondence to in-
clude states of dimension(N � n), with n > 1.
Grain boundaries are particularly promising
for realizing such phases, since they act as
symmetry-dictated structural defects that can
host boundary-localized states. In 1T0�MoTe 2,
a known quantum spin Hall insulator, GBs nat-
urally trap helical edge states from adjacent
domains. The protection or gapping of these
states depends critically on the symmetry of
the GB.

The authors applied tensile strain to mono-
layer 1T0�MoTe 2 via an STM tip press-and-
pulse method. This ferroelastic switching cre-
ates diamond-shaped grain variants (G1, G2,
G3) with distinct Te-chain orientations. De-
pending on boundary matching, the GBs ex-
hibit either NonSymC2 or SymC2 symme-
try. STM/STS was then used to map local
density of states (LDOS), revealing distinct
spectral features associated with 1D and 0D
states. Complementary tight-binding and den-

sity functional theory (DFT) calculations sup-
ported the classi�cation and topological protec-
tion of the observed states.

NonSymC2 symmetry enforces nonsym-
morphic band degeneracy that protects double-
helical edge modes. STMdI=dV maps at � 28
mV show boundary-localized in-gap metallic
states, consistent with theoretical bow-tie band
crossings. Finite-length NonSymC2 GBs dis-
play quantum con�nement resonances (n=1,2),
further verifying the 1D boundary nature.

SymC2 GBs lose nonsymmorphic protec-
tion and develop a �nite band gap. At GB
ends, sharpdI=dV peaks near� 4 mV reveal
0D localized states. Symmetry analysis shows
equivalence to the Su�Schrie�er�Heeger (SSH)
model: dimerized hoppings yield end states.
Simulations con�rm the higher-order classi�ca-
tion (AIII class) of these gapped edges.

GB formation requires both mechanical
strain and voltage pulses; strain alone is in-
su�cient to stabilize switched domains. The
process involves electric-�eld-assisted hole for-
mation and in-plane strain transfer. Ad-
ditional STM manipulation can interconvert
NonSymC2 and SymC2 GBs, demonstrating
tunability of the topological state type.

This work demonstrates a clearhierarchy of
topological phases within a single material plat-
form: First-order 1D edge states emerge at non-
symmorphic GBs. Higher-order 0D boundary
states localize at symmorphic GB ends. The
ability to deterministically engineer GB type
and thus dimensionality of topological states
provides a route to controllable HOTI realiza-
tions. This establishes grain boundaries as ver-
satile building blocks for on-demand design of
topological phases.

The STM-based manipulation of GB sym-
metries enables: Experimental realization of
HOTI phases long predicted but rarely ob-
served, Tailored devices combining 1D and 0D
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