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The Functional Materials Group (FMG) is a trans-divisional and
interdisciplinary research group aimed at unraveling the underlying
principles and unknown functionalities of diverse non-equilibrium
many-body phenomena. These phenomena manifest in biological
processes, chemical reactions, driven quantum materials, and
nanodevices. The group conducts comprehensive research to
contribute to the understanding and practical application of these
phenomena. In recent years, there have been significant advancements
in experimental techniques such as optogenetics, intracellular
measurements, time-resolved measurements of non-equilibrium
excited states, and spectroscopic measurements at the nanoscale. At
the same time, there have been notable developments in computational
and data science, as well as in non-equilibrium statistical mechanics.
Several ISSP researchers join the FMG as core members, while other
members participate as concurrent members. Moreover, as a joint-use/
research center, the FMG actively invites external researchers to
collaborate on new subjects, serving as an open platform for such
collaborations.
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Gain-switched short-pulse semiconductor lasers and ultrafast non-
equilibrium non-linear optical physics
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Development and applications of semiconductor-laser devices,
modules, and systems
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High-efficiency energy conversion and detailed-balance-limit physics in
advanced space solar cells
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Luminescence measurement standards, firefly bioluminescence,
rhodopsin Raman spectroscopy
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Nano-structures of 100 T-shaped quantum-wire semiconductor laser (a,b) and firefly
luciferase protein (c).

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/akiyama_group.html

Advanced laser spectroscopy on the basis of lasers and microscopy
is developed and applied to semiconductor quantum wires and other
nano-structures, in order to understand and control their optical
properties quantum mechanically.

Pico- and femto-second pulse generation directly from gain-switched
semiconductor lasers is studied intensively to understand the pulse
dynamics and the shortest-pulse limit. High-quality I1I-V-semiconductor
space solar cells and their internal loss rates and mechanisms are
also studied. We make the world thinnest and cleanest quantum-wire
semiconductor lasers that have superior laser performances such as
low threshold currents. Experimental findings and problems provide
us fruitful physics subjects related to 1D physics, many-body physics,
lasers, solar cells, crystal growth, material science, and semiconductor
device physics and engineering.

We are developing experimental techniques such as sensitive
luminescence detection, absolute luminescence-yield measurements,
transmission/absorption measurements of single nano-structures, micro-
spectroscopy, imaging, and solid-immersion microscopy. Some of these
techniques have been applied to study of bioluminescence of fireflies,
jelly fish, and sea fireflies as well as luminol chemiluminescence.
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Direct fs pulse generation from a gain-switched semiconductor laser.
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Functional and spectroscopic studies on the mechanism of molecular
function of photoreceptive membrane proteins, rhodopsins
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Application of advanced spectroscopy for biomolecular study
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Exploration of novel photoreceptive proteins using genome big data
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Elucidation of functional determinant factors of biomolecules and the
develo&)ment of novel functional molecules using machine learning
methods and experimental automation
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Microbial rhodopsins with a variety of functions (top left) and the purified protein sam-
ples (bottom left). Automated experimental workstation for protein functional analysis
(right).

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/inoue_group.html

ISSP Digest 2025

Most living organisms use sun light as energy source for their biological
activity and information source to recognize environmental change. In
this photobiological events, a wide variety of photoreceptive proteins
play the central role.

Our research aims unified understanding of the mechanism of
biomolecular functions of various photoreceptive membrane proteins
called “rhodopsins”. The chemical elementary process of these supra
complex photoreceptive proteins is studied by time-resolved laser
spectroscopy and vibrational spectroscopy, and we are promoting
further research by combining biochemical and electrophysiological
techniques to achieve multi-layer understanding from atomic and
molecular to cellar and individual levels. Furthermore, whereas we
are developing novel artificial biomolecules for the application to
optogenetics and so on, based on the fundamental insights, exploration
studies of new photobiological phenomena and related molecular groups,
and developments of machine learning technology and experiment
automation methods are being conducted with genome big data
accompanying the development of genome analysis technology in recent
years.
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Time-resolved resonance Raman spectroscopy of rhodopsin using the original optical
system (top) and photo-isomerization process of retinal in rhodopsin (bottom left). Photo
currents of ChR expressed in mammalian cells (bottom right).
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Floquet engineering of quantum materials
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Nonequilibrium states in quantum many-body systems
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Application of field theory to biology and information physics
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Floquet engineering in quantum materials. T. Oka, S. Kitamura, Annu. Rev. Condens.
Matter Phys. 10, 387-408 (2019).

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/oka_group.htm]

Our primary research focus around studying quantum materials driven
far from equilibrium by external fields. Our objective is to discover new
fundamental laws of physics that govern these exotic states and explore
methods to control their collective dynamics. To achieve this, we employ
innovative theoretical frameworks like Floquet engineering, which
allows us to comprehend nonequilibrium physics at a similar depth
as equilibrium systems. Additionally, we draw valuable insights from
other research fields such as turbulence, neural networks, and nonlinear
semiconductor optics, and apply them to investigate new exotic quantum
materials. Our target materials encompass a wide range, including
topological systems and strongly correlated systems. We will also
investigate novel nonlinear response phenomena, such as the heterodyne
Hall effect, wherein the quantum Hall effect is induced by oscillating
magnetic fields. Furthermore, we have a keen interest in exploring
problems beyond traditional condensed matter physics, such as chemical
reaction networks in biological systems and information theory.
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Application of Floquet engineering to optogenetics and control of cell signalling.
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Understanding electron transfer reactions in materials using a non-
equilibrium statistical mechanics approach
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Quantum states of hydrogen and muon in a material
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Electron-phonon couplings from first principles
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First-principles simulation of superconductors

BiR H &
Professor SUGINO, Osamu

FI Course
BRI
[Phys., Sci.|

BT L AAUPHEE LT 2{LERISIC X B T3V E—
ZAEAE e | JETERER R OFHA T Z % T2 D275
TV, ZhlE, 7a b P ERKAERAmECBOTETS
KU T4/ VRN Lah bEB T %)L F—7% > TEMmIC
o459 % Volmer gz, JEFH 7V — > BIEGE DR T
Bofzo AFHRENE, SEATWIR IR L T T 1 b OS2 b
HEDICERLIZEDICIR> TV 5, HERKS BN AN 72
LEZONTELN, EMTOEFELNEMETZ LT
LT BETEENAMICEETHS T LW oh oz, EE
W TR T 2 T 3 )VF—L R 2 8 B2 R 5 5
RTHb, HF. BHEEHRICHDOTHHERICK D B
VSR U 7B % FN T2 B2 2 T > TV B,

3

¢

L
~( H

BEAARAA COEFBHRISDFTFEL IV X, MFIRBIBIE & Bk
ICEFRE (BFEENR) NEETHBHILETRLTVS,

Non-equilibrium dynamics of electron transfer reactions at the electrode-aqueous solution
interface. It suggests that electron excitation (electron friction effect) is as important as
vibrational excitations.

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/sugino_group.html
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This study explores energy conversion processes driven by chemical
reactions involving electrons and ions within the framework of
non-equilibrium kinetics. Specifically, the Volmer process, where
protons lose kinetic energy and adsorb onto the surface while exciting
electrons and phonons at the electrode-solution interface, was examined
using the non-equilibrium Green's function method. This calculation
extends previous research by explicitly considering proton motion.
Traditionally, lattice friction has been considered dominant, but our
findings reveal that electron friction, caused by the excitation of
electron-hole pairs at the electrode, is equally significant. These results
suggest the need to reconsider energy conversion processes occurring
in fuel cells. Currently, research is being conducted using models that
more faithfully reflect real systems based on first-principles calculations.
This approach aims to provide a more accurate understanding of the
mechanisms involved in energy conversion processes, potentially
leading to more efficient fuel cell designs and other applications in the
field of energy technology.
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Simulation of liquid water interfaced with a doped zirconia surface. The first-principles

calculation was extended to long-term simulation owing to the machine learning tech-
nique.
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Fluorescence observation of axonal transport in iPS cell derived neuron
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Force measurement of motor protein kinesin by using a nano-sized
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Theoretical modeling of synapse formation related to axonal transport
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Material transport in the axon of a neuron (anterograde transport: kinesin, retrograde
transport: dynein). Synaptic cargos are transported by motor proteins.

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/hayashi_group.html

Precise physical measurements are important for cells to understand
molecular mechanisms occurred in cells to maintain life activities as well
as for solid state materials. However, in vivo measurements are difficult
because intracellular environments are complex non-equilibrium states
and crowded with various proteins and organelles, in which theories
of equilibrium statistical physics are often violated. Because physical
measurements are often based on theorems of equilibrium statistical
physics, the violation of the theorems is serious problem.

In our lab, we develop techniques to precisely measure physical
quantities such as force, velocity and energy for proteins and organelle
inside cells, based on fluorescence microscopy. We think development
of analytical methods (software) using non-equilibrium statistical
physics, information science and mathematics is significant as well as
development of microscopes (hardware). We also aim to understand
cellular phenomena quantitatively by constructing theoretical models
using the measured physical quantities. We hope such theories can
contribute to the understanding of neurological disorders particularly.

EMPSERZ2—OVOENAA—I VT

Fluorescence imaging of human iPSC-derived neurons
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Visiting Associate Professor OBUSE, Hideaki

We are focused on theoretical research concerning diverse physical
phenomena that exhibit symmetry and topological phases inherently
present in physical systems. Since these properties are preserved even
in the presence of impurities or defects, they take an important role
in understanding localization-delocalization transitions and critical
phenomena in disordered systems. Furthermore, recent significant
advancements in the study of symmetry and topological phases in open
quantum systems have highlighted the importance of these properties
in various fields of physics. Thus, we aim to predict and clarify novel
physical phenomena unique to open systems.

In addition, our work is not limited to theoretical research; we are also
interested in experimental verification of physical phenomena anticipated
based on the knowledge of our theoretical works. Specifically, we
aim to bridge theory and experimentation through proposals for
experimental verification using systems that implement discrete-time
quantum dynamics known as quantum walks. In this way, we explore
new possibilities in physics from foundational theories to collaborative
research with experimental groups.
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Visiting Professor ZHANG, Tian-Tian

My research explores the intersection of symmetry, topology, and
quantum materials through first-principles calculations and single-
particle theory. Key contributions include:

. Complete symmetry-based indicator theory for all 230 space
groups, enabling systematic classification of band topologies.

. Built the first topological electronic materials database via
high-throughput calculations, revealing that 24% of nonmagnetic
materials are topological.

. Developed theory for topological phonons and predicted related
materials, e.g., double-Weyl (FeSi), quadruple-Weyl (BaPtGe),
and PT-protected nodal-line (MoB>) phonons, all experimentally
confirmed.

My current research focuses on chiral phonons and Floquet phonons,
where I have extended chiral phonon studies to 3D chiral crystals,
investigated connections between Weyl phonons and chiral phonons,
and collaborated to experimentally confirm truly chiral phonons in Te
and a-HgS. At ISSP, I look forward to advancing these topics with Prof.
Oka's group, particularly exploring non-equilibrium phonon dynamics
and topological phonon phenomena.
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