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Functional Materials Group
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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 struc-
tures, 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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Professor YOSHINOBU, Jun Associate Professor  INOUE, Keiichi Technical Associate MUKAI, Kozo
% B NI 53 = ¢ WH & pifzEms  /\TLTT LY
Professor AKIYAMA, Hidefumi Associate Professor ~ MATSUDA, lwao Technical Associate BAGHERZADEH, Reza
% B 28 & AR H0O {85 HEHEE BE ETF
Professor SUGINO, Osamu Associate Professor  NOGUCHI, Hiroshi Project Researcher USUKURA, Junko
B B M s g (58 Rl APV BIEARE ' BF
Professor OKA, Takashi Visiting Associate Professo HIYAMA, Miyabi Project Researcher  KIM, Changsu
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% @ IR XK BE (HEAEE) B AR BERRE S KR
Professor KOMORI, Fumio Visiting Professor CHEN, Shaogiang Project Researcher KONNO, Masae
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B g H R R (HEAER) K WM BITHRE HEl F—
Professor MORI, Hatsumi Visiting Professor ZHU, Lin Project Researcher NAKAMAE, Hidekazu
% 8" = & BV H B IR R ER
Professor YAMAMURO, Osamu Research Associate  TANAKA, Shunsuke Project Researcher NAKAMURA, Takahiro
B g Uy 7IXY—3Ivy  B% 1T HEMES NE &
Professor LIPPMAA, Mikk Research Associate  HARUYAMA, Jun Project Researcher  YAWO, Hiromu
BB FH EX B XH £ HEHRS 3717 YUE I 7N Y
Professor HARADA, Yoshihisa Research Associate  NAGATA, Takash Project Researcher ~LAFUENTE SAMPIETRO, Alban
B3 ™ # RE BEWEE™  EE W
Research Associate  MORI, Taizo Project Researcher KAWATSU, Tsutomu
1 B3RS, ARSIdF S 27— ILMEERTZERFS, / concurrent with Division of Nanoscale Science
2 FpgETg, ATISEERYIEFIZIERF, / concurrent with Division of Condensed Matter Science
*3 FiR3eIs, AKEPEFRSETEER, / concurrent with Neutron Science Laboratoy
4 FipuseIs. ABERIE—L > NERIEHZEY §—. / concurrent with Laser and Synchrotron Research Center

*5 R, ATSIRMEREHEERR. / concurrent with Materials Design and Chatacterization Lavoratory

*6 FpusEIs, AKIESHEMERSEME LYY —, / concurrent with Center of Computational Materials Science
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Yoshinobu Group
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1. EFILBIRIC & 30\ FOEMRAL & RERGOHE

b
s % B B
YOSHINOBU, Jun TANAKA, Shunsuke
% B
Professor Research Associate

Solid surfaces are intriguing objects, because novel struc-
tures and electronic properties emerge as a result of symmetry
breaking of bulk. 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 and
dissiparion processes. In order to fabricate atomically-controlled
surface functional materials, we have to understand the dynam-
ical 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. Recently,
we are interested in surface reactions including CO; and
hydrogen.In addition, we can simulate chemical reactions on
cosmic dust with laboratory experiments in ultrahigh vacuum at
low temperature. We have utilized surface vibrational spectros-
copy, photoelectron spectroscopy and local probe methods in
order to investigate structures, reactions and electronic proper-
ties of atoms,molecules and thin films on surfaces. Synchrotron
radiation (KEK-PF, SPring8 etc.) is also used to study electronic
structure of surface and interface, including operando XPS.
Recently, we have started to study THz-pulse driven surface

processes.

A schematic model of CO; hydrogenation on the Pd-Zn-Cu model catalyst

Activation and surface reaction of small molecules by model catalysts

2. RAPRAIICE T 2KFRIVELIYMEERE U\ ROV / IV R)
Properties and reactions with hydrogen at surfaces and interfaces (Hydrogenomics)

3. ¥EABLUVEREEOETFRE L RAEBICEDOHA

Electronic states and surface conductivity of semiconductor and organic thin film

4. BERTHEDEFIRE & RISHEDHTFE

Electronic states and reactivity of low-dimensional materials on surfaces

5. THz /LRI L BERRAICH FDRTF - HFTA1FIJ XADHR

Dynamical processes of atoms and molecules on solid surfaces using THz pulse
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Akiyama Group
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Firelly luciferase

100 B THETMERL —
H—(ab) ERTILILY T 1 | —
Z—% (c) DiEE

Nano-structures of a
100 T-shaped quantum-
wire laser (a,b) and firefly
luciferase protein (c) .

1. MRSy FYTHERERL —HF—HB L CKRBEE RO T /\1 ZYE
Device physics of gain-switched semiconductor lasers and solar cells
2. BmEFEREFHRE L UOHFICRITBERTEFELF v U7 DLAEMER & IEFEit
Many-body interactions and non-equilibrium properties of low-dimensional electron-hole systems in clean semiconductor quantum wires and wells
3. FERETEERS LT /N1 DR, BREEl. WS, B\, BEREHA
Material physics and development of high-quality semiconductor nano-structures via microscopy
4, IRZI - 73T « JIIRY )ik EDEMFN & YL FE RS ETRIESE
Bioluminescence of firefly, jelly fish, sea firefly, etc. and bio/chemiluminescence measurement standards
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AKIYAMA, Hidefumi
E6Rd

Professor

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.

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 measure-
ments, 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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Sugino Group
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Ab initio path integral simulation of a hydrogen atom adsorbed on
Pt(111). The contour shows the density distribution and the blue line
shows the trajectory of the centroid. Quantum effect was found cru-

cially important.

%2 —~ Research Subjects

1. SHEMERZ ORI & ST

2B (& &L H
SUGINO, Osamu HARUYAMA, Jun
26 B

Professor Research Associate

Based on large-scale simulations, Sugino group elucidates
properties of complex condensed matters, such as high-
pressure phases of solid-hydrogen, bioluminescent molecules,
and electrochemical interfaces. The group also develops novel
computational schemes for accurate prediction of material
properties.

The computational materials science is advancing rapidly, so
that the target of research is extending toward materials of larger
degrees of freedom and multi-scale phenomena. This has made
common to make a joint theoretical and experimental project
for microscopic understanding of a material functionality. The
collaboration is done here with the research infrastructure,
especially the massively parallel supercomputers and novel
computational schemes. For the advance of computational
scheme, a set of few-body problems was machine learned to
establish the mapping between the particle density and the
correlation energy. The resulting mapping was found to serve for
accurate prediction of many-body problem within the density
functional theory (DFT). DFT has been developed for classical
systems as well as the quantum systems with help of novel

approaches like functional renormalization group.

1 EB
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B:L\'P 'D.24 g 0.41
17.0 0.18 115 0.21
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H20, NH3, NO O#ig#E
DE LRI ON B

IT & DIBES N ZEERIABEE DT X b, LDA, GGA %
£ LT BR<AWShZRBEKEEMPENEKZE LR U

EZB, FEIRILF—PEFAHELROEZ LD ERICHRTES A b > T,

The exchange-correlation functional of density functional theory was con-
structed by machine learning the three reference molecules, H,O, NH3 and NO.
The functional was found to yield smaller mean-error of the atomization energy
(AE147), electron density profile (DD147), barrier height of a reaction (BH76),
and total energy (TE147) for various levels of the functional forms. The white
characters in the first column, SVWN, BLYP..., indicates the familiar functionals
while the orange ones are the machine learned functionals.

Prediction of material properties using methods of computational materials science

2. BEYE. £YFRK. TRILF—EHLEDERA

Elucidation of high-pressure phase, bioluminescence, and energy conversion
3. BREE ORI YEZOAE AW SHRBEOBIERDEREEL

Development of methods for accurate many-body problems with machine learning or statistical physics scheme
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OKA, Takashi
%

Professor

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 materials. The target
materials range from topological systems to strongly correlated
systems (Fig.1). New non-linear response phenomena such
as the heterodyne Hall effect (Fig.2), i.e. quantum Hall effect

induced by oscillating magnetic fields, will be studied as well.

(a) Periodic driving (local oscillator)
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Fig. 1. Floquet engineering in quantum materials. T. Oka, S. Kitamura, Annu. Rev. Condens. Matter

Phys. 10, 387-408 (2019).

1. EFYEOZOYY - TVIZFUVY
Floguet engineering of quantum materials
2. EFERICHE T I2HRR. MHFEORE

Je Jy
current
(output signal)

2 JAvTREEABALEATAY Y - TN
1 Ro (@) ABVTFILICH U TEREREDHES 1L
e AN EEZ %, b) ERBBSZAWATOT A
YIR—ILRDREH,

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

Discovery of novel phenomena and law of physics in nonequilibrium systems

3. FERFEETT/I\1 RDRER
Proposal of novel nonlinear quantum devices
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Inoue Group
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Microbial rhodopsins with a variety of functions (upper) and the purified-
protein samples (lower).

HE E— KE R
INOUE, Keiichi NAGATA Takashi
HERIR BhZ

Associate Professor Research Associate

Most living organisms use sun-light as energy source for their
biological activity and information source to recognize environ-
mental 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 biochem-
ical 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 e
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Transient absorption measurement of microbial rhodopsin by a nano-second

pulsed laser (top) and photo-isomerization process of retinal in rhodopsin
(bottom right). Photo currents of ChR expressed in mammalian cells.

1. XRRBES VNV BOR 7YY ORFHEREA T = XL DOBEERTE & U2 %R
Functional and spectroscopic studies on the mechanism of molecular function of photoreceptive membrane protein, rhodopsins

2. FImRMDNEDAEDEED FHIRA DA

Application of advanced spectroscopic measurement method for biomolecular study

3. ¥/ LAEYIT—5%b EICLEMBFXRZARSY VNV ERR

Exploration of novel photoreceptive proteins through use of genome big data
4, ERFBEEZRWCERD FOBERERFORE & ZNICH & D < FRMEEENED FRF

Machine-learning study on the determining factor for the function of biological molecules and its application for the

development of novel functional molecules
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HIYAMA, Miyabi
BEREHIR

Visiting Associate Professor

The subjects of our research are the elucidation of emission
mechanism on the firefly bioluminescence and the application of
this reaction with the quantum chemical calculations, spectro-
scopic measurements, and synthetic experiments.

Firefly bioluminescence, of which emission color depends on
the experimental condition, is widely used on environmental
filed, medical field, and biotechnology field etc., because the
substrate and enzyme of this bioluminescence are harmless to
living organisms. This luminescence is due to oxidation reaction
of substrate, firefly luciferin, in firefly luciferase enzyme. The
elucidation of firefly bioluminescence would encourage not only
to understand this phenomenon for expanding the availability
of applications but also to understand other chemical reactions
involved in enzyme. We synthesized a photo-cleave type of
caged luciferin and study the physical properties of this chemical

species.

f;

BR Aid
CHEN, Shaogiang
AEAZESHIR

Visiting Professor

Lead halide perovskites (LHPs) are currently stimulating
huge activity across the field of optoelectronics for both light-
harvesting and light-emitting applications. Lasing operations
have been reported in a number of LHP micro-/nanostruc-
tures, such as microspheres, microplates, and microcubes by
forming the whispering gallery mode (WGM) microcavi-
ties. These results demonstrate the high optical gain of LHPs
and their considerable potential for applications in nonlinear
optics. However, underlying mechanisms are controversial. We
formed obtain high-quality LHP thin films by one-step spin-
coating method, and synthesized various kinds of LHP micro/
nanostructures through efficient liquid-phase and chemical
vapor deposition (CVD) methods. These samples have shown
single- and/or multi-longitudinal laser emissions.

Aiming to understand in depth mechanisms of the above
mentioned phenomena, we perform in ISSP characterization of
material gain, optical device fabrication and lasing characteriza-
tions, and investigation of ultrafast spectral dynamics with time-

resolved spectroscopy measurements.
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III-V compound semiconductor solar cells have achieved the
highest conversion efficiency among the present photovoltaic
devices. Aiming at further higher conversion efficiency, multi-
junction (M]) configuration, such as triple- or four-junctions,
has attracted broad attention. Meanwhile, quantum-dot (QD)
configuration as a possible strategy to implement interme-
diate band solar cells is another attractive topic in developing
monolithic multi-junction solar cells. However, it has been a
tough job to fabricate the two kinds of cells with high lattice
quality.

Our study include: 1) Optical/electrical measurements and
analysis on the internal behavior of the practical MJ or QD-M]
solar cells, in order to understand the carrier dynamic mecha-
nism in those cells that usually include lattice imperfections.
2) General and realistic theoretical models on high-perfor-
mance QD-M] solar cells, which can interpret internal carrier
dynamics, mechanisms and device behaviors in practical solar

cells.
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