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The Functional Materials Group (FMG) is one of two new trans-
divisional and interdisciplinary research groups and deals with excited
states and dynamics in systems with hierarchical and inhomogeneous
structures, including chemical reactions and dynamical processes
in biological systems. Recently, time-resolved spectroscopy of
excited states and non-equilibrium states, nano-scale observation
and measurement as well as operando spectroscopy/measurement
have greatly advanced. Theoretical analysis based on first principles
calculation and data science, computational simulation methods for
non-equilibrium quantum phenomena such as Floquet engineering
have achieved a remarkable development. There are already pioneering
works done at ISSP along such directions as mentioned above. To get
started, several current faculty and staff members of ISSP have been
assigned to the core members. The core members are expected to
provide seeds of collaboration and organize a research team involving
other divisions and facilities as well as researchers outside ISSP. It is
particularly important to collaborate with research facilities of ISSP
so that their advanced and unique resources can enhance the scientific
quality. By taking advantage of being a joint-use/research center, we
can always invite external researchers to collaborate on new subjects.
The FMG should work as an open platform for such collaborations.
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Leader INOUE, Keiichi
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HiZE T —< Research Subjects
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Device physics of gain-switched semiconductor lasers and solar cells
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Many-body interactions and non-equilibrium properties of low-
dimensional electron-hole systems in clean semiconductor quantum
wires and wells
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Material physics and development of high-quality semiconductor nano-
structures via microscopy
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Firefly bioluminescence and luminescence measurement standards

BhE VM HE
Research Associate
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Nano-structures of a 100 T-shaped quantum-wire 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 III-V-semiconductor
tandem 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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J:l: J: 61: % % Inoue Group

FiZE T —< Research Subjects
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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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Expzioration of novel photoreceptive proteins through use of genome
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Machine-learning study on the determining factor for the function of
biological molecules and its application for the development of novel
functional molecules

Research Associate
NAGATA, Takashi
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Associate Professor INOUE, Keiichi
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Microbial rhodopsins with a variety of functions (upper) and the purified-protein samples
(lower).

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/inoue_group.html
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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 photo-receptive 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 a
development of machine learning technology are being conducted with
big data accompanying the development of genome analysis in recent
years.

all-trans retinal
/" Light
(180-700 fs) B =
13-cis retinal - i) e

F/BWINVA L= =L K BMENEO R T OBERNAE () LU
ARTYURFRICETZLFF—IVONEELBRE (). RFLEMREICHE
REYFvRIVB T VDHRER (HF).

Transient absorption measurement of microbial rhodopsin by a nano-second pulsed laser

(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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HiZE T —< Research Subjects
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Nonequilibrium Quantum Many-body System
BORTH

Quantum Field Theory
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Application of field theory to biology and information physics
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Research Associate
NUMASAWA, Tokiro
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Project Research Associate
OKUMURA, Shun
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Professor OKA, Takashi
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Floquet engineering of band topology Floquet engineering in ultrafast spintronics
aX A (E~Q<E,)
3 ®)  Control of magnetization,
fa) -spin current, topological order
.. ‘ # nverse Faraday effect
B # % Renormalized exchange coupling
o %% 4 Induced scalar chirality
¥ effective interactions — Floguer-Schrieffer-Wolff transf.
., Magneto-electric coupling

Laser-assisted hopping
Floquet topological states

Floquet Kubo and TKNN formulae
Floquet Keldysh greens function

Correlated electrons driven by electric fields

Field F g
Nonlinear transport inger limit Switching (optical memory & Mott RRAM) New states, new functions

Carrier generation Higher harmonics generation
Frequency conversion, heterodyne
Usage of metamaterial

-and near field techniques

ucto
(ot pla field i
P B reakdown and field induced states

©¢  Heating and thermalization
%, Floguet many-body methods (e.g. DMFT)
. Quantum field theory
(nonlinear) photo-absorption - Heisenberg-Euler effective Lagrangian
(=Loschmidt echo)
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Spintronics
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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.html

Our main research subject is quantum materials driven far away from
equilibrium by external fields such as laser light. The aim is to seek
for new laws of physics that govern such exotic states and to find a
way to control their collective dynamics. We employ new theoretical
frameworks such as Floquet engineering which enables us to understand
nonequilibrium physics with the depth comparable to equilibrium
systems. We can also obtain important insights from other existing
research fields such as turbulence, neural network, and non-linear
semiconductor optics, and apply them to new exotic quantum materials.
The target materials range from topological systems to strongly
correlated systems. New non-linear response phenomena such as the
heterodyne Hall effect, i.e. quantum Hall effect induced by oscillating
magnetic fields, will be studied as well. We are also interested in
problems outside of the traditional condensed matter physics, such
as chemical reaction networks in biological systems and information
theory.

(a)  Periodic driving (local oscillator) (b)
1 Q ac-Electric field, photon

(input signal)
input signal output signal %
o — — o+nQ
2D Dirac electro I Oscillating fields

(multiplier) (local oscillator)

Floquet state e.g. laser, plasmonics

(multiplier)
Jydy
current
(output signal)
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Heterodyne device utilizing Floquet states. (a) Frequency mixed output is realized. (b) A
realization of the heterodyne Hall effect using 2D Dirac semimetals.

ISSP Digest 2022

39

i
HE
71
T
o
Iu
J
)%
1
>

13

dnoip w0 [ R RE



i
HE
7]
%
ot
I
7
)%
I
>

dnoip owisng i} 43 S ER K

40

1;2 ﬁ 61: % % Sugino Group

FiZE T —< Research Subjects
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First-principles simulation of solid-liquid interfaces and science of
batteries and fuel cells

Bl B2 OB 7 & ORI 7 F T iR A AL B4
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Development of novel density functional theory based on machine
learning and auxiliary field

B g o/kEET - by - v FY RO 7
Quantum dynamics of hydrogen, proton, and hydride ion in materials

B A AL O RS R RIS & 2 HTRPI A O Tl
Accurate calculation of the electron-phonon coupling and prediction of
novel phase of materials
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| Research Associate
HARUYAMA, Jun
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First-principles calculation of hydrogen atom on a platinum surface. Hydrogen atoms
distribute like a classical particle when the coverage is close to one, while they are delo-
calized over the Fcc and Hep sites under the lower coverage conditions because of the
quantum effect as shown in the figure.

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/sugino_group.html
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This group studies properties and phenomena of various materials
by numerically solving the basic equations, such as Schrodinger
equation, that electrons and nuclei follow. This research field is called
first-principles calculation and has been widely developed in physic,
chemistry, biology, and materials science. Owing to the development of
supercomputers and the simulation packages, material simulations are
recently done with increasing reality. This group has been contributing
to this field by (1) the development of computational many-body theory,
mainly based on the density functional theory, and (2) the large-scale
material simulations done on ISSP- and Fugaku supercomputer. The
topic includes the energy conversion process occurring in batteries
and fuel cells, the quantum dynamics of hydrogen coupled with
electron, the bioluminescence process of firefly, solid oxygen, bandgap
renormalization, cuprates and so on. Owing to tight collaboration with
experimentalists and availability of machine learning methods, this
group has put special focus on the prediction of new material properties.
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Many-body Schrodinger squation
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Completing the density functional theory with the machine-learning technique. Only by
machine learning the density and energy of a few molecules, it is made possible to con-
struct the exchange-correlation potential of high accuracy.
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FiZE T —< Research Subjects
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Activation and surface reaction of small molecules on model catalysts
B 200 S I 35U B KSRANE D B & Sk
Properties and reactions of hydrogen at surfaces and interfaces
B (0t O IR & RSO
Electronic states and reactivity of low-dimensional materials
B THz /L RIC K B EREEIC BT BT« HFHEAFIT A
D%
Dynamical processes of atoms and molecules on solid surfaces using
THz pulse
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Research Associate
TANAKA, Shunsuke
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Professor YOSHINOBU, Jun
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Adv. Mat., Frontier Sci.
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Low coverage Near saturation

Clean Pd/Cu{111)
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Dissociation and spillover processes of hydrogen on the single atom alloy Pd/Cu(111)
model catalyst surface

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

Solid surfaces play an important role as “low dimensional reaction
field”, on which we can provide atoms and molecules and manipulate
them deliberately. In addition, surface and interface are vital in the
energy conversion processes. In order to fabricate atomically-controlled
functional materials, we have to understand the dynamical behavior
of atoms and molecules on surfaces. The research of these subjects is
closely related to the basics of catalysis, semiconductor processes and
molecular electronics. In addition, we can simulate chemical reactions
on cosmic dust and clouds in atmosphere with laboratory experiments
in ultrahigh vacuum at low temperature. We have utilized surface
vibrational spectroscopy, photoelectron spectroscopy and local probe
methods in order to investigate structures, reactions and electronic
properties of atoms/molecules and thin films on surfaces. Synchrotron
radiation (KEK-PF, SPring-8 etc.) is also used to study the electronic
states of surface and interface, including operando X-ray photoelectron
spectroscopy. Recently, we have engaged in the study of THz-pulse
driven surface processes.

THz )NV ARSI RERIGEE HUKHRE & DHEHAE)

The apparatus for THz-pulse induced surface reactions (collaborated with
Matsunaga Lab.)
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