Division of Condensed Matter Science
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Discoveries of new materials, for example, high temperature
superconductors, organic superconductors, graphene, and topological
insulators, have often opened new horizons in materials science.
Application of extreme conditions of low temperature, high pressure,
and high magnetic field have also revealed various unexpected
properties of matters, such as superconductivity and quantum Hall
effect. The goal of the Division of Condensed Matter Science is to
uncover novel phenomena that lead to new concepts of matter, through
combining the search for new material and the precise measurements
under extreme conditions.

Each group in this division pursues its own research on synthesis of
new materials and high quality samples, or on precise measurements
of electric, magnetic, and thermal properties, based on their own free
ideas. Their main subject is to elucidate various phenomena which
emerge as a concerted result of electron correlation, frustration,
symmetry, topology, and molecular degrees of freedom, in various
materials such as organic conductors, atomic layer (two-dimensional)
materials, and topological materials.
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J:l: ? J: 61: % % Ideue Group

FiZE T —< Research Subjects

2 DTl T E ORI 2 Bl & U 7o i RaR
Exploration of novel physical properties based on symmetry control of
two-dimensional materials

B 5 7RI 503 % RRRERE
Measurement of quantum states in atomic layer materials

B ERB% | IR, B A A A — REPR, /Lo
L IRR
Rectification effect: Nonrecirpcoal transport, superconducting diode
effect and bulk photovoltaic effect

YA ORI BEMEoRRE,  hARa 2 )L IRED il i

Phase control of atomic layer materials: Control of magnetism,
superconductivity, topological states, etc.

B HB RPF
Research Associate
TANAKA, Miuko

HEEER AFLE s

Associate Professor IDEUE, Toshiya

FI Course
TIERYETSE
App. Phys., Eng.
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Controllability of two-dimensional materials and device fabrications. (a) Thin film device
and van der Waals interface made by exfoliation, transfer and stacking techniques. (b)
Pictures of vertical junction device and field-effect device.

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

Atomically thin two-dimensional materials have recently attracted
significant attention as a new materials platform. In addition to the
unique physical properties, which are absent in bulk three-dimensional
materials, we can freely control the structures, electronic states and
symmetries of two-dimensional materials and realize the emergent
functionalities by device fabrication, application of the external pressure
or electric/magnetic field, electro-chemical gating method, and making
van der Waals hetero/twisted interfaces or curved nanostructures.
We are exploring novel transport phenomena, superconducting
properties, and optical properties in these two-dimensional materials
and pioneering the frontier of material science. We are aiming at
controlling the various quantum degree of freedoms or elementary
excitations in two-dimensional materials (charge, spin, lattice, exciton,
superconducting vortex etc.), realizing exotic quantum functionalities
such as quantum rectification effect (nonreciprocal transport,
superconducting diode effect, and bulk photovoltaic effect) and quantum
phase control (electric-field-induced superconductivity, topological
phase transition, magnetic order control), and also developing new
quantum measurement techniques using microwave.

Laser on

e o
kS o

o
ovep) se/ltzsie
photocurrent (nA)
o
N

1

L
=4
o

0 50 100

time (s)
(@) X1V ORHIRSE ERTFEMEORES 7/ \ 1M AEHBE— K (b) BHULFHS
FAERERFBMES /1B HHER.

(a) Microwave resonator coupled with two-dimensional material and observed resonance
mode. (b) Optical measurement system and photocurrent response in two-dimensional
materials.
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_% * m % % Takagi Group

FiZE T —< Research Subjects

B 2 HuEIRtARIE - RIC B B HTPIT LR
Search for new properties in multi-orbital strongly correlated electron
systems

R RE DI VEEEIC F Db 5 FEREMED R
Functionality related to topological magnetic structures

B /5 riju il & LB HORE! - fiiH
Debsigrll and elucidation of novel electronic phases based on molecular
orbitals

B EH ERC
Research Associate
URAI, Mizuki

HEEER B BR

Associate Professor TAKAGI, Rina

FI Course
HEEMER
Adv. Mat., Frontier Sci.

PETICHEES 2 ZHOE TR MAEMNT 2R TR,
{E2AHMEE CrROMEORS MG Y BINEREE (R -
s « 1) ZAEMCZALE R B T & THRA GETHNER
%, AMAETIE, MEEK, BEPERREEEY 0
EYITERIE, % U THELFBRP AN & EMAIR 72 I8
THEZE L, EFAROEM - A - WUEE HEDRD
BRI HHIEBESSR F R O AVREE OISR T T b, FF
AR OSFHIEICEHT 2 2 LIk D, BIROEHRICH
2 WIBL DI & L OB T ORET 2 Hig 9. M7on5d.
BEERELEY Mt HE®R O SICA, A
TN 575 % 0 FIBERE SEMRILOPEZ > TV, Bk
ITiE. MR YA VRESRGEEC F Db 2 Fit - BEREE DB,
ST FPEEAIC B B /T R A ORRZ EZ2 D T
%o

ZEYEBIBRBTFRICBVWUEEBEFHEN T 2HMIUBEIERICE > TELS
N RAOY HIVESIEEDRERR,

Schematic of topological magnetic structure generated by magnetic interactions mediated
by conduction electrons in a multi-orbital strongly correlated electron system.

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/takagi_group.html
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In strongly correlated electron systems, various electronic phases can be
generated by slightly changing chemical properties (element type and
crystal structure) or the physical environment (temperature, magnetic
field, and pressure) of the matter. Our group is interested in electronic
phase transitions and topological structures, in which charge, spin,
and orbital degrees of freedom interact with each other. By combining
material synthesis, macroscopic measurements of physical properties
such as magnetization and electrical conduction, and microscopic
techniques such as scattering experiments and nuclear magnetic
resonance, we aim to elucidate the physics behind the phenomena and
to design new electronic properties, especially by focusing on molecular
orbitals in crystals. Our research targets cover a wide range of materials,
including inorganic crystals such as transition metal compounds and
rare earth alloys, as well as molecular conductors. Specifically, we are
exploring new properties and functions related to topological magnetic
structures, and novel electronic phases in molecular conductors under
pressure.
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In the magnetic semiconductor FeS, a fictitious magnetic field induced by the antiparallel
spin arrangement gives rise to anomalous Hall effect at room temperature.
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FiZE T —< Research Subjects

DFOAMEZ LD LIEHAH (8 ©RE8hBskT7n b
MRIBIRDBHFE & ERETERTE
Development and studies of structural and physical properties for
novel organic (super)conductors and proton conductors based upon
molecular degree of freedom

ERRCEFNT T VT L1528 LA ISR, 2B
Tk, FAEIRDBFE & BEBEMENTZE

Development and studies of structural and physical properties for
electron-proton coupled molecular functional materials

I VEE DN (Wis. EY. TS D) ISEDWIE
Studies of responses by external stimuli (magnetic and electric fields,
temperature, pressure) for molecular materials

B AHERDIR S VAR DI

Study of organic field effect transistor

BE BEF BF
Research Associate
FUJINO, Tomoko

iR & R

Professor MORI, Hatsumi

HI Courses
EFR(CF WHEEMER
Adv. Mat., Frontier Sci.
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Novel organic superconductors: (i)single crystals of Mott-type x-ET2Cu(NCS), and
(ii) electrical resistivities under pressures for charge-ordered-type f-(meso-DMBEDT-
TTF)2PFs.

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

Materials science has made great progress with the discovery of new
materials that give us new concepts.

In this laboratory, we are focusing on molecular materials, which are
condensed molecules with internal degrees of freedom, and exploring
their unique functionalities such as electron and proton conductivities,
magnetism, dielectricity, external field response due to their pressure and
electric fields, and field-effect transistor properties. The development of
novel functional molecular materials has become the basic research for
materials and devices that support organic electronics, such as coated
organic conductors and electrolytes for fuel cells.

Molecular materials are attractive because 1) they can be designed and
controlled, 2) the Coulomb interaction between electrons is large, and
the wave and particle properties of electrons compete with each other,
and 3) they are soft, so they exhibit unique external field responses.

In Mori's group, we discovered and studied the properties of the
new Mott-type x-ET,Cu(NCS), and charge-ordered S-(meso-DMBEDT-
TTF)2PFg organic superconductors (left figure). More recently, we
have developed a pure organic conductor (right figure) in which
hydrogen-bonded protons and conduction electrons are dynamically
concerted, exhibiting a switching phenomenon between conductivity and
magnetism.
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Switching behavior of electrical resistivity and magnetism due to large deuteron isotope

effect in proton-electron correlated purely organic conductors x-X3(Cat-EDT-TTF)>
(X=H, D).
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IJ—I F m % % Yamashita Group

FiZE T —< Research Subjects

R B % s E RO

Study of strongly correlated-electron systems at ultralow temperatures

i AIC 3505 B IEMT RN D FA R — LR

Study of thermal Hall effects of charge-neutral excitations in insulators

B NMR 7 f W 7= 208 TR ORgE

Multipole orders studied by NMR measurements

B HE R

Research Associate
TAKEDA, Hikaru

HHEE T E
Associate Professor YAMASHITA, Minoru

FI Course
HEEMER
Adv. Mat., Frontier Sci.
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The ultralow temperature cryostat at ISSP. Nuclear demagnetization cooling enables
experiments down to 1 mK under a magnetic field up to 10 T. The lower left picture is an
enlarged view of the experimental space. The lower right picture shows a cantilever cell
for torque measurements.

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/yamashita_group.html
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What happens when materials are cooled down close to absolute zero
temperature? It sounds a boring question because everything freezes at T'
= 0. It is NOT true, however, because quantum fluctuations persist even
at absolute zero temperature. The richness of low-temperature physics
was first demonstrated by Heike Kamerlingh Onnes at 1911, who was
the first to liquify Helium and reached ~ 1 K. He discovered that the
resistance of mercury suddenly vanished at low temperature. Followed
by this discovery of the superconducting transition, many amazing
quantum phenomena — superfluid transition of Helium, Bose-Einstein
condensations of Alkali Bose gases — were found at low temperatures.

We are interested in these quantum condensed states at low temperatures
where the thermal fluctuations are negligible. Especially, we are now
challenging measurements of correlated electron systems at ultralow
temperatures (below 20 mK) where many interesting phenomena have
remained unexplored due to technical difficulties. Further, we are
studying thermal Hall effects of charge-neutral excitations (phonons
and spins) in an insulator, as well as detecting multipole orders by NMR
measurements.
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(Top) a schematic illustration of the topological thermal Hall effect of magnons in the lat-
tice of magnetic skyrmions. (Bottom) the magnetic field dependence of the thermal Hall
conductivity that sharply appears in the magnetic skyrmion phase (green), but disappears
in the cycloidal (blue) and the forced-ferromagnetic (pink) phases.
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Division of Condensed Matter Theory
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The Division of Condensed Matter Theory is actively engaged in
theoretical research on the cutting-edge topics in condensed matter
physics. Theoretical studies play a crucial role in condensed matter
physics: those studies at various levels extract new discoveries from
experimental results, and novel theoretical predictions also start as
well as boost experimental works. For achieving a breakthrough
in the condensed matter physics, the research based on novel ideas
is essential and indispensable, in addition to continuous research
for increasing the predictive power based on existing theories.
This division now consists of three groups and six other groups
of concurrent members. Together with other theoretical groups,
the activity of this division covers various theoretical studies from
basic theory based on analytical methods to large-scale state-of-art
numerical computation using supercomputers, and actively develops
the theory for forefront research subjects in the condensed matter
physics. Discussions and collaborations are also actively pursued with
experimental groups inside and outside ISSP.

BFIEMRE M EE
Leader KATO, Takeo
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hl] % E{ % % Kato Group

HiZE T —< Research Subjects

AV ZAEw 7RO THABIS

Quantum transport phenomena in mesoscopic systems

B v o= ZETOSEH

Fundamental theory of spintronic devices

A DI & Bkt

Nonequilibrium and transport properties in solids

BE B &
Research Associate
FUJII, Tatsuya

B EEF RAE
Research Associate
SANO, Ryotaro

HHE O mE B
Associate Professor KATO, Takeo
HI Course

BERMEBY
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W END B, Fio. VMHEDIZEFINOEE 7 )L —T & & B
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quantum measurement
B ) backaction

-
= heat current

heat bath heat bath
L R

two-level system

TODHALBFERATREICHES LI MR, ZEURICEFAEZT
S&L EDU—RDSEDY — FNOHERICHEZEZS (I\vIT7723Y),

A two-level system coupled to two heat baths and an apparatus for continuous quantum
measurement. The quantum measurement of the two-level system affects the heat current
from the left to the right lead, which is called backaction.

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

Our laboratory is engaged in extensive theoretical research on transport
properties in the fields of mesoscopic and spintronics. Research on
mesoscopic systems has long focused on the quantum mechanical
properties of electrons. We are still pursuing new phenomena such as
non-equilibrium multi-embodiment phenomena, non-equilibrium noise,
and strong external field-driven phenomena. In the field of spintronics,
various spin transport phenomena are being studied, mainly in current
and heat/spin conversion phenomena.

In order to respond to these developments, our laboratory utilizes a wide
range of theoretical approaches, including non-equilibrium statistical
mechanics, quantum field theory, and many-body quantum theory.
Specific research examples include spin transport at magnetic-metal
interfaces, nonequilibrium spin relaxation, the transport properties of
anyons in the fractional quantum Hall effect, and the generation of spin
current in solids by light. We are also working closely with experimental
groups in ISSP.

Antiferromagnetic insulator

Normal metal

AEVR—VBESKERORIE, RETORE RIS R IEERAED R —
IIRG R IVDBEICL > TEL L, BKIBROKREEIEELT B,

Illustration of spin Hall magnetoresistance. Spin absorption at the interface changes
according to the orientation of the Néel vector of the antiferromagnetic insulator, and the
magnitude of the magnetoresistance changes.
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} I I m m % % Kawabata Group

HiZE T —< Research Subjects

otk Elam (PorEikaEaR

Condensed matter theory

JETHEROM I - AHEER

Nonequilibrium phases of matter
e 7

Nonequilibrium statistical mechanics
JET)VI— R

Non-Hermitian physics

HEBE )IE =T
Associate Professor KAWABATA, Kohei

HI Course
B REF
Phys., Sci.
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BFICR CEN 2 ZE LB L 23 Lo L LT, YEERD
HUWEEZ 79 % C L2 HIEY . mik T, JET#iHK
RO PR IINVHOROF B LT, R FAIAX
RBIELRICDONTIIIE L, & IHNFHSRISHICH 72 &
TR VI B FBCRICHRA OB S 2RI LT E Tz, HHFR
e b ROy — o e—fRNEEEZ b LI LT, HiE
THBMND IR DERZ LB LT TS 5 K 5 EHE
HERZEE L. LW R 2 S %,

N (mod 1) 0 T 2 3
ermion parity (~1)” Z zA % %
modular conjugation +1 +1 +1 +1
+ 0 -1 0
1 +1 1 +1
+1 0 -1 0
4 +1 +1 +1
AL=D" AI=DT A= A=D'
BDI+ S, =BDI'+ S, BDI'  BDI+S_, =Cl'+S.  BDI'
BDI Al=D' a Al=D!
N (mod 4) 0 1 2 3
fermion parity (1%, (~1)" - ZaxZa Zn  ZaxZa Z
modular conjugation 7 +1 +1 0 +1
+1 0 0 0
Q +1 +1 0 +1
R +1 0 0 0
s +1 +1 0 +1
4= 0od 4) (K K;; 0,0 = 2mod 4) | AI=DI  Al=D! A =y
q=0(mod ) (Km:i K5y €R) BDI' __ BDI' A+p=Aml_BDI'

SFHBROEIEE DA R, BOR T D Sachdev-Ye-Kitaev A DM FRMEICE &
DL AR EERANY bl [PRX Quantum 4, 030328 (2023)]

Symmetry of open quantum systems: Classification of dissipative quantum chaos. Peri-
odic tables of Sachdev-Ye-Kitaev Lindbladians. [PRX Quantum 4, 030328 (2023)]

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/kawabata_group.html
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Recent years have seen remarkable progress in the physics of open
quantum systems. In view of the recent rapid development of quantum
information science and technology, it seems urgent to develop a general
theory of open quantum systems. In our group, we are broadly interested
in theoretical condensed matter physics, with a particular focus on
nonequilibrium physics, to establish new foundations and principles in
contemporary physics. Our recent research highlights topological phases
of open quantum systems, as well as dissipative quantum chaos and
lack thereof. On the basis of fundamental concepts such as symmetry
and topology, we aim to uncover new physics intrinsic to far from
equilibrium.
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TIVE— bV EFRTIVE— MR S RODAIVERE. bRODH
JVEBAA - BEEROREREICERZMA S L. BLDRR NROTAHIVER
KHEENS, [PRX Quantum 4, 030315 (2023)]

Hermitian bulk — non-Hermitian boundary correspondence. The interplay of Hermitian

topology and dissipation leads to new types of higher-order non-Hermitian topological
phenomena. [PRX Quantum 4, 030315 (2023)]
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l% ’R E{ % % Tsunetsugu Group

HiZE T —< Research Subjects

oo
=i

Electronic states and unconventional superconductivity in strongly
correlated systems with d- or f-electrons

B 7oA L— 3 VRO

Statistical physics of frustrated systems
B 5RO HT AT R RH O PG
Theory of novel phases in quantum magnets
BFROITFEE AT I T

Nonequibrium dynamics of quantum systems

T fEFLEYE EmEF ROEFRE & ST

BiR BR B
Professor TSUNETSUGU, Hirokazu

FI Course
B REF
[Phys., Sci.|
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PRIRAE DO B THBIRE, BEN7e & O MR YN I
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120 AF ¢S sTQ asTQ

(F) ZARF L 2D TEBRFERDER, J=Jcosa & K=J sin o ($BHEEERF
BoEsE/ RFWBEER. (F) HREHEOREFHEE, 0, (SLEFOHE,
==02E7 1 LU Z—DEE

(top) Phase diagram of two-component quadrupoles in a triangular lattice. J =J cos a and
J =J sin a are isotropic and anisotropic couplings of neighboring quadrupoles. (bottom)
Quadrupole configurations in the ordered phases. 0, is the direction of local quadrupole
moment, while 5, = —0,/2 is the corresponding director direction.

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

Strongly correlated electron systems, particularly transition metal
compounds and rare-earth or actinide compounds are the main subjects
of our theoretical research. In these systems, strong electron-electron
interactions lead to a variety of interesting phenomena emerging at
low temperatures, such as various types of exotic magnetic orders,
unconventional superconductivity and density waves. We aim to
establish a unified theory for those complex properties and also predict
novel phenomena in those systems.

Targets of our recent study include novel types of quantum order and
quantum fluctuations in frustrated spin and strongly correlated electronic
systems with multiple degrees of freedom such as charge, spin, and
orbital. In these systems, many soft modes of fluctuations are coupled

to each other, and this affects the nature of quantum phase transitions,
as well as electronic states and dynamical properties including transport
phenomena. We also study systems with chiral structure and explore
novel behaviors of their phonon and electronic properties related to their
chirality.

Oren na(F)

(E)ICTQHED ABIEF T « LY 2 —DBRECEIL 37D KX 1 VIcHH, (R)
T ALY 2 —BE na(n EBEFERR L. KEDBDICTFET BEMHIRXT
U - U L REBOHRE TR,

(left) Snapshot of director directions on A-sublattice sites in the IC-TQ phase. The system
is divided to three types of domains. (right) Local vorticity na(r) of A-sublattice direc-
tors shows a distorted vortex lattice pattern. Dislocations exist at the vermillion polygons
indicating an appearance of Kosterlitz-Thouless transition.
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The Division of Nanoscale Science brings together laboratories
working on a variety of low-dimensional nanoscale devices and
materials. The nanoscale systems that we study are built either by
fabricating nanoscale electronic devices, typically by electron beam
lithography or focused ion beam milling, or formed spontaneously
during thin film growth or by deposition of nanoscale layers on
atomically well-ordered surfaces. We use scanning probe microscopes
for spatially-resolved physical property studies on surfaces and
a variety of low-temperature transport and magnetotransport
techniques for materials characterization and property analysis. We
have recently started a new microfabrication facility for combining
nanoscale materials and device studies with quantum measurement
methods available at ISSP. The facility helps researchers to utilize the
microfabrication and analytical tools in our laboratories to prepare
suitable device structures for a variety of quantum measurements
at low temperatures, high magnetic fields, etc. The recent research
topics include studies on the exploration of spin-to-charge current
conversion phenomena at interfaces and heterostructures, development
of spintronic devices, scanning-probe studies of superconductivity
and topological states in nanostructures formed on single crystal
surfaces, fabricating self-organized nanostructured materials, and the
development of new building blocks for quantum computers.

BRAEE Vv IR—Zvy
Leader LIPPMAA, Mikk
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Otani Group

FiZE T —< Research Subjects

BN RSO PESRAS £11C K B BRI R A ¥ VRO A
Efficient pure spin current generation by magnon-phonon coupling

B o2 G 0 AT OB O LR
Orbital current generation at the interface of light elements

Bl JE AR 350 B TR AR B S A RS B
Current-driven fast magnetic domain wall motion in noncollinear
antiferromagnets

BN 5 BN B T2 SR T E AIC & B B SOV > A
FIRT Y EV T
Anomalous Nernst effect mapping by local heat flow injection using an
atomic force microscope

BiR KB &b
Professor OTANI, Yoshichika

FI Course
HEEMER
Adv. Mat., Frontier Sci.

20 HAdODDICHE LTI AY Y ba= 2 A, EBIFRICA.
AV VAEHIROFNTH B A VHZHNAZ LT, TNET
IR WEREZ 1> Te B2 Al 2 AR TdH 5, A b
O=7 A&, Effs REY « Tr /2 TH Y T VED
HERITDY, EATO R 2 e UTHAICAZEENS [X
VAR b UTHE U, O RE T A VAHRAA,
BRI FDREIC R A LY Y/ v R—5a ik E ORI IR
xR %, e ey va=s7 A EUTERLTWS,
EOICESA TR, BFAY VT Cldk < EFHuEIc & 0 fAEE)
BEEIPERDES Lz, ThHDAY VRBEREN &
758 RGBS, ORI S a0 S A r—
JVBEETE U % T ML L BN LIS Z Fi > TV B,
A DOWIRETIE, ML CIERUT=F ) 781 Rz fliofz
FERIC KD, AERWE RS U TE U 28 4 88h 7 o0
2 A BGOMIhZIT>TW5, £, s rtkos
BhS, FRUZHHROBREMRIAC E IO HA TV S,
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Magnetic imaging by the locally induced anomalous Nernst effect using atomic force
microscopy. (a) conceptual drawing of this method. (b) The topography of the sample. (c)
The Spatially resolved anomalous Nernst effect voltage under external magnetic fields.

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

Spintronics, which emerged at the end of the 20th century, is a science
that creates new functional devices by using spin currents, the flow of
spin angular momenta, and charge currents. It has developed as spin
conversion science in which quasiparticles such as electrons, phonons,
photons, and magnons are interconverted through spins in solids.
Recently, this has evolved into strong coupling spintronics, producing
new coupled quasiparticles such as magnon polarons. More recently,
orbital currents have emerged that carry angular momenta not only
by electron spin but also by electron orbitals. Since these spin/orbital-
mediated conversion/coupling phenomena often occur in the nanoscale
region near the relatively simple junction interface, they have excellent
versatility and applicability. Our laboratory develops novel conversion/
coupling among quasiparticles mediated by spins/orbitals through
experiments using nanoscale devices fabricated by microfabrication
technology. Furthermore, we elucidate the mechanisms of novel
phenomena from the viewpoint of fundamental solid-state physics.

Magnetic octople domain wall

FEHLARIGRBL A Mn3Ge D RBEERSBIDREE. (a) Mn3Ge DS \IBF, (b)
FHHDSEM G, (0 BRA—MRICKYBREIN/NIVABRICK SHEDS
WIEE].

Demonstration of a fast magnetic domain wall motion in a noncollinear antiferromagnet
Mn;3Ge. (a) The magnetic octopoles of Mn3Ge. (b) SEM image of the sample. (¢)The fast
domain wall motion induced by pulse currents observed by MOKE.
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% III% m % % Shimazaki Group

FiZE T —< Research Subjects

AT T LIS 7 HR O T O R EARIENC X 2 VHEIRER
Exploration of physical properties via precise electrical control of
electrons in semiconductor moiré superlattices

772 T a—7 & Uiz BT ORFiEO B
Development of methods for exploring electronic properties using
excitons as a probe

H 2 ocEIc XA BRTTIN A

Quantum devices based on two-dimensional materials

HEBE BlE A
Associate Professor SHIMAZAKI, Yuya

FI Course
TIERYETSE
App. Phys., Eng.

PEATRICE T2 HRAIICES LIz A LR T-RICBWNTY)
MEFHHEHTZ VS T LlE, AV y ZEOEFEOE
THolze TET DX S BTN 2 KT E DRSS FDET
LFeszRH UleF / A7 — )VJE OB I B0 T HERIC
KEETNTEHO, WMEMAEIRE, BEE, @k, Moy
TV ELBOBFYIME OB R ENTVS, TD
X EH LD AT ETROIRS SO AR B R U, il
TEOOEMAERRTZ LT, T/ AT—I)VOREICE
% R 2ZYEREOIBE AR CE B,

WS T EEA 2 Dot E R e LT, ZOET L
i TOBrYIEE~ 7 akkBE Y E S V7 OkE TN
A PpEROW J5 OB SWFERTT D o FHCERE T LRI
FOREEE LRI O RIC K B T a—7 « filfHEm U TF
DETYINE « BT T1 AYEZHSMCT %, 7727
0—7 & LB FYMEOH UOBERFEIT OV T E 2T
Do

(a)

(@) 2WTIBIC LB ET LIS T (b) FEAHRTE T LB FHOEEHEEFIRE
DFEeFIcLB 70—

(a) Moir¢ superlattice formed by two-dimensional materials (b) Strongly correlated elec-
tron states in a semiconductor moir¢ superlattice probed by excitons

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/shimazaki_group.html
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Realizing artificial quantum systems with regularly arranged electrons
in semiconductors to simulate physical properties has long been a dream
in mesoscopic physics. Recently, such systems have been realized using
nanoscale-period moiré¢ superlattices formed by interference patterns
in two-dimensional materials. These systems exhibit a wide range of
quantum phenomena, including strongly correlated electron states,
superconductivity, magnetism, and topological properties. Understanding
and controlling the behavior of these novel quantum systems at a
microscopic level can lead to the development of metamaterial science at
the nanoscale.

Our laboratory focuses on the study of moiré superlattices in
semiconductor two-dimensional materials, investigating their electronic
properties from both macroscopic quantum phenomena and microscopic
quantum device physics. In particular, we aim to reveal quantum
properties and device physics through precise electrical control and
optical excitation. Additionally, we are developing new methods to
explore electronic properties using excitons as probes.

@) HFERRR (0) 2XTMET NA R (QHARISAFREY b (d) FvTHv
U7 EOTF A ZEH

(a) Optical experimental setup (b) Two-dimensional material device (c) Optical cryostat (d)
Device image on chip carrier




*l% yi 61: % % Hashisaka Group

B3 7 — < Research Subjects

SRR TR VBRI D T =4 it

Fractional quantum Hall quasiparticles and their statistics
FREYIIVI Y DIREO XA F I TR

Dynamics of topological edge states
B AV A3Ey 7 R0 Tk

Quantum transport in mesoscopic systems

Research Associate
SATO, Yosuke

HHE BR &%
Associate Professor HASHISAKA, Masayuki
I Course

BYRMEBY
[Phys. Sci ]

BrOETFEE & E FEMHEENZREFEE LT, #FLL
JEEHAEYIED RIS 2 C ENBH B, BIRE, DHEFR—
JVHER, BN RE ENZTORENTHZ, b BT
AR OFFRMEE., ZOHREOMEEE LTU L Zbfifdh
KHNENZ 58D %, HAEBETR—IVRICETS
bkl Gk 1) 13 BRI T THBIETOET 1 HoER GE
B KO B/NEBREERZFRF DT EDNHENIDEN TN S,
T ORI TIE, R—XWidt - 7oV 3Gt Bx S E T
Wt (= UHEDH BEOCEMNISENTHEDY, FRaY
TIVEFRBEANDOIGHMIF SN TV, KRETIE,. &
TEZARROERNRAENR - HIfHT 2 Lickd, BHOET
2 EOBERITR T TR TER, HiaraaE Rl i
ZHAE L THIgE 211> T\ 5,

DE-EREFR-IVEST AR, HER1/3HEE ERTF. Bfe/3) &
SEE 1B (BEF. Efe) OBRFT v UT7DIATYFITLY, BESES
IHEEILT7 Y FL—IZ7BIRGFHELC S,

False-color electron micrograph of the fractional-integer quantum Hall junction device.

Mismatch between the charge carriers causes Andreev-like reflection at the junction.

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

The interplay of quantum nature and the electron correlation causes
exotic phenomena in condensed matter, such as superconductivity, the
fractional quantum Hall effect, and the Kondo effect. Our research aims
to investigate these quantum many-body phenomena in mesoscopic
systems using nanofabrication and our original measurement techniques.
The quantum many-body systems sometimes show their peculiarity
as the beautiful characteristics of the elementary excitations. The
paradigmatic is the quasiparticles in the fractional quantum Hall states.
The quasiparticles have fractional charges smaller than the elementary
charge. More interestingly, they have anyonic statistics, the quantum
statistics that differ from the Bose and Fermi statistics. The quasiparticles
with highly nontrivial non-abelian statistics may open a route for
synthesizing the fault-tolerant topological quantum computer, thus
attracting growing attention in condensed matter physics and quantum
computational science. Our goal is to establish such novel quantum
technologies originating from the intriguing nature of quasiparticles in
quantum many-body systems.

Voo
T ]
o =
o o =3 o = =
5 S o =L
10n 10n 101
IN 100n it it it 100n
gbie [« Lis é'-ﬁu |——-E|5_' ouTt
s = 17 = ™ x| [100n [
N =) ol 2 1s s} 2B S
o 2| 26, 4 < 83« ]

™ Repi Regz Reas RepaRegs Reas

Cra1 Crez Cras Craa Cras Cras 100"

BfF FET Z LTI L IERERIB RS

Homemade-HEMT-based cryogenic transimpedance amplifier
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E ﬁ } I I 61: % % Hasegawa Group

B3 7 — < Research Subjects

B (K3 STM I & 2 R Smlnit / bR o Lt obss
Exploration of peculiar superconducting / topological states using low-
temperature STM

B~ 7 e A A Y VR STM I & %)/ A7 — VRESER
EREVEAFITA
Nanoscale detection of magnetic resonances and spin dynamics by
microwave-assisted spin-polarized STM

B 2 il 2R T 3 AR VIS &K B AY VRO FKZERFH
Real-space distribution of spin currents by spin-polarized scanning
tunneling potentiometry

B 57— X R RIC & B R T TRRES
Effective collection of local density of states with an assist of data
science

ER N 2 FOVEAMEE (STM) 1. Z 04725 U TEmDR
TREZIHSMCT H5DHREET, b3V EHlEIic XD
Y7 B TCOBEFIREICET 2 MAZRS 2, EHITIEA
Y M (SP-) STM IC & 2 R i S R PE -0 & i A & o #E ik
ZHIEMT T ENTE S,

EANWgEE T, MUKREES: S CE#Fd % S T M2LE
VT, REBEES & KIEHREOBN Tz —JXotRTD
MBS, AR & DTS RIC X DAL T N2 Rz i
w3 - MR Y A)VIREDOBIZ KA TV B, F. SP-STM
IS KBS T DAY X84 5 )V s B RT3 JR g < hS
WEEE, A VREBEFIRT Y a X VKB A VR
W, E5ITIE~ A 7 aiE A X B K FEE M S U R
HIAEYZAF I AOWEELHMEL THBO, Ta—TH
MBIOF T a2 B3 2 T LICE DA TV 5,

BEESBEARAEM CORENR, BEFEPb(KE, £B4H) & PbiEE (EE.
BIEEHE) ORETO b RIVDKH S, BEERFEDRED S 40nm ich
o TRH:E LTV BRFHERRENS,

Proximity effect at superconductor/metal interface. Tunneling spectra taken around an
interface between 1ML-Pb layer on Si (blue, normal metal) and a Pb thin film (yellow,
superconductor) indicate the penetration of superconductivity into the metal layer with a
decay length of 40 nm.

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/hasegawa_group.html
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B LR g
Research Associate
HAZE, Masahiro

i
B RB) =
Professor HASEGAWA, Yukio

FI Course
TIERYETSE
App. Phys., Eng.

Scanning tunneling microscopy (STM) reveals not only atomic
structure of surfaces but also electronic states of sub-nanometer areas by
tunneling spectroscopy. With a function of spin-polarized (SP-) STM,
the microscope also provides local magnetic properties and surface spin
structures, and with inelastic tunneling spectroscopy (IETS), various
excitation energies can be extracted.

In Hasegawa-lab., by using STMs operated in ultralow temperature and
high magnetic field, peculiar local superconducting and topological states
that are found e.g. at surfaces, where inversion symmetry is broken,
and in the proximity with ferromagnetic and topological materials, have
been explored. We have also studied local magnetic properties of nano
magnets, peculiar spin-spiral structures, and energy dispersion of surface
magnons using SP-STM and SP-IETS. We have also explored unique
functionality of the probe microscopy; recent examples include the
investigation of local spin dynamics through the detection of magnetic
resonances using microwave-assisted SP-STM, spin current detection
using SP-scanning tunneling potentiometry, and efficient collection of
local density of states based on data-driven science.

BEVETFRWE CeColns TRAIE NcREANEHT. Co RFANESESILIE
(R, £LER) T, BEEEDFTSIMER (ETR) 2885 & ZUNIVKRD
d PEDHFETIRELNERREN S,

Surface-induced orbital ordered states observed on a heavy-fermion material CeColns.
In STM images taken on a Co-terminated surface in standard conditions, round-shaped
Co atoms are observed (center and upper- left images). In STM images taken in closer
distances (lower-right) we observed an ordered phase of dumbbell-shaped d-orbitals.
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FiZE T —< Research Subjects

ﬁﬁi%ﬂiéhf:%?llxﬁiﬁ%b@k %0 F O & R RIED
b

Activation and surface reaction of molecules on well-defined model
catalysts

Bl K% & B0 2 MR O & G
Properties and reactions of materials with hydrogen

2 T Ty DI D& IRAE & SSTED I
Electrorllic states and reactivity of edge surfaces of two-dimensional
materials

B THz OV RIS K B RMEIC BT BRI L 374 AF I 0 A
DL
Vibrational spectroscopy and dynamical processes of molecules on
surfaces using THz pulses

BiE EE B
Professor YOSHINOBU, Jun

HI Courses
EFR(CF WHEEMER
Adv. Mat., Frontier Sci.

B ST« TR BEICBHE L, Bl E R R
% R ThHa T e, FRRTORE BETRETH
%o FIH - FURIZYEBEOLZ T Tldind, TRVF—%
O E L THEETH S, 1A —)V TYIERE)Z il {#
L. HEREZ & DMEIRTINA A ZAIBLT 2 7=, i -
FUMIC B 2 2B EHRET 2 C L WARARTH S, Ll
B BEF - DFORAF 27 AMEIE, DT INA AT
T, T HICHIEREBRIERL FHIC BT 2{LZEISICDNT
EFENND 252 T NG, YW= T, £ - AHicH
FBEF - DFORAF I TR, BTV X GO
RLOME - Ptk - KOSz, IR, HE T, EE
> )V BERRER SO BRE) 4 BREFEE SUSEINIE L 2 BRAE L T
HLTW5, Fh, Yoo baryahitefniet sy
KRBT ZEHEE L TV D, i, THz 7V K % EH
TavAWEO Ty w7 MCEHRDHA TV S,

Near saturation

Clean Pd/Cu(111)

Low coverage
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BRFELET/VAME PA/CU(111) [CBIF BKEDREBEE RE)LA —N\—T A€ X

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 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 & DHEHRE)

The apparatus for THz-pulse induced surface reactions (collaborated with
Matsunaga Lab.)
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]) "/ 70 ? — 61: % % Lippmaa Group

FiZE T —< Research Subjects

B VR L— Y —HERGEIC X B BEYis X U T a0
(@
Growth of thin oxide films and heterostructures by pulsed laser
deposition

B i) isE s X0 3V BYw MEEOEHK

Synthesis of nanostructures and nanocomposite thin films
B tilic 50 5% v V7 XA F I TR

Carrier dynamics in photocatalysts
B oA — < RAA

Autonomous synthesis of thin films

B HB AR
Research Associate
TANAKA, Tomoaki

g Vv ITv—
Professor LIPPMAA, Mikk

FI Course
HEEMER
Adv. Mat., Frontier Sci.

vy

F R ORI U IE 2 < DG RITE ST A — 2 Dfik
MRETH %, 7VAL—P—UHFEDE G, /85 A—&2%
& 6 Xel ETh B, TOI8T XA —RZE[ TRz HD
F3 7Ot AENET B =i, EEOEIIZIROREZ
it ©& % RHEED ZH W THRKEZBRT %, \»WD
MO R 2R L, FEEDR T8 A— a%hommm
R B ORI & Vo 7z, HINO RTINS i 7S
RS FRINICRING %, [FEROE< VT 1w 7
YT RT3 a YRR UTCEBL RS2 — 2 2
LU (FERD . #OTREIAED E S A—R 7S ARZY) VT 7%
175 2 LT, O & RGO MEBRBNME 5N 5,
FE L. MZEMS Y TEWBET 2D TES (A

g%~&4?§ﬁk%ﬁméc&? 28T A — R ZEIC
BT HEER R ESE 2 B U H IO S 72 kg 15 % 7=

HD AR ERHIEZTTS .

streaks

original

Bf/N\2—YThL—Zv &Nz UNet Z2—3)b 2y b=V &ERLTE
RHEED N2 —YHSDEHRA =2 LRy O, BEEE—L (FTOE
BOFRRE) IEEHT AR Y ~ EREENGEL,

Diffraction streak and spot extraction from a RHEED pattern with a UNet neural network
trained on diffraction images. The direct beam (red box in the original image) is not con-
fused with diffraction spots.

https://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/lippmaa_group.html
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Thin film synthesis of new materials requires the optimization of many
synthesis control parameters, such as pressure, temperature, growth rate,
etc. For Pulsed Laser Deposition, the parameter space has 6 or more
dimensions. To accelerate the process of finding the optimal point in
this parameter space, we monitor the crystal growth by RHEED, which
detects thin film surface morphology and structure changes. Several
forms of machine learning are used to autonomously choose crystal
growth conditions that optimize for the desired diffraction features, such
as a crystal phase with a specific lattice parameter or the best surface
flatness.

Semantic segmentation of the diffraction images is used to extract
similar diffraction features (left figure), followed by periodicity analysis
and parameter clustering, which gives the phase composition of the film
and a quality factor for the surface structure. The phase information
can be used to build a phase stability map (right figure). Bayesian
optimization is used to obtain autonomous synthesis control to select the
best growth conditions and to rapidly obtain the desired crystal phase
in a multidimensional parameter space. This autonomous feedback
operation is more than an order of magnitude faster than traditional
manual parameter optimization.
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(Fe304) DEBFEEMEMET Y EV Y,

Automated thin film growth phase mapping of hematite (Fe,O3) and magnetite (Fe304)
on Al>O3 as a function of temperature and oxygen pressure.




E& FEﬁ m % % Kazuma Group

AR D TR RISTEZ @I B 513, fil
Kl TORIHEREZ 1 L)V CTHR U RS Z G % 2 &
NWHRETH D, T, K& FRIOHAEEMRE, RKIG%
fild 2 FEZRTTH D T ORI E R Al O —D
Tbb, Ul T EE b > VEAME 2 IV TE T
IS AL W o Te B RIS K % A SISO 77
T LAV B U OSSR EE R ORI 217> T E 72,
BUER KOV 7V 7 ik R TINC 351 % KOS D B & e Ss
OhithZ HiE L. KOG, B REz i L it 7
JVERHOFECIA . HorF LNVt &< 7 s LiH o
DRIEICHD A TWS, T/ A — VRS « 515
WgEE i L. W1 L)L & SRIBEERS . TR St
WRUN ek, AR FITEFIC K 2 KI M Z2@ad % C
ETCERMBGZ & O alfRIC B U, @gh=Rh D sl iz
[EZ ATRELS S % Ml i D ik - 5321159 %

FEMHR @B EST
Visiting Associate Professor KAZUMA, Emiko

Controlling chemical reactions on solid catalyst surfaces based on
understanding reaction mechanisms at a single molecule level is crucial
to achieving the high reactivity of solid catalysts in a sophisticated
manner. In particular, the interaction between the surface and molecule is
a principal factor governing the reaction, and controlling the interaction
is one of the important catalytic strategies. We have performed single-
molecule studies on surface reactions induced with various excitation
sources, including electrons, light, near-field light, and heat, using a
scanning tunneling microscope, and elucidated the elementary processes
and mechanisms of the reactions. To understand reactions on more
realistic catalyst surfaces and explore novel reactions, we take on the
challenge of not only developing catalyst model surfaces with highly
controlled morphological structures and electronic structures but also
combining the single-molecule-level analysis with macroscopic surface
analysis. In collaboration with Prof. Yoshinobu group, we will combine
single-molecule-level analysis with temperature-programmed desorption,
infrared reflection absorption spectroscopy, and low-energy electron
diffraction to understand surface reactions more comprehensively and
obtain strategies for developing catalyst surfaces with high efficiency
and selectivity.
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APEDHIE T H 2 2 BBEM AR, 2D WIHHEDFEIC DOV T, B L R ZF ML £ 5 &9 2 R
HBIED 52 ANASRETFZINMN L TRIEI NS, AWILEIT T, BEVZENEICET 2WITENIZEATO B EPEOMERIC
DIE LB S, BEVFOMERES AMEROEEIC K| ZINOHEER CHRORRICHGT 2T LZ2HNE LTV,

PIPEREZEAT U, 2019 4 4 HITRAIOMZEHIERILERM 17— 2SR RIPERI SR ) DR E N,

Social Cooperation Research Department (SCRD) is a joint research framework between the University of Tokyo and its corporate or other external
partners in order to collaborate in research projects that contribute to the public interest. Although SCRD is funded by external partners, its research
and education activities aiming for academic advancement and social development are conducted in such a way that secures the University’s
autonomy and independence. ISSP established its first SCRD unit, the Division of Data-Integrated Materials Science, in April 2019.

7 — 2 a MR TEDESERR

Division of Data-Integrated Materials Science

Gy BIEEE DRSO REZTEHZED TV S,
B2 OYVE AN DISH O P RENE S B AL E
NTHH, ZLOFLERRNMEETN TS, HFRICE,
CDEZTTN, FEERAOERICHZIEEE 2 5 X TD
AFLBEDHLVSWFEDNDH %, LR TIE, FBR & HE
T — ZRZNTIEIC K > THA L. E T HB O g
IZHEDWT, HH R RREZ RO R OYIE TR - BRRT
TS5 EZHNE LTWD, FERAREIR & BHFt
FEIR D Bl &2 LGSO RO B RIC K B MFUC L EE 5
I, WEZFARICHWS T Lic k> T, F2 - BUERTEZ
NENHMTRALABVERZZEF L EZHIELTY
%, THUCE ST, A bu= 7 XA, BIEEHME I
EORREED TS,

Recently, machine learning has attracted a lot of social attention. The
possibility of applying machine learning techniques to material science
research is also actively studied, and many promising and interesting
results have been reported. The expectation is that this idea, which
is called materials informatics, will be the key to accelerating the
industrial application of basic science. The division aims at developing
new methods for prediction of physical properties of innovative
materials, based on the understanding of electron correlation,
by integrating experiments and numerical calculations through
data-scientific approaches. While conventionally we have been
comparing experimental results with numerical ones, interpreting the
former by the latter, the new goal is to achieve something that cannot
be done by experiment or numerical calculation alone, by using both
of them simultaneously. In this way, we are efficiently searching for a
wide variety of new functional materials, such as spintronic materials
and superconductors.
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HiZE T —< Research Subjects

H I DPEE 2 R DY P ST O F A DRFE
Developing inverse design methods to create materials and conditions
with specific desired properties

KEDIST AR 72 Ve dis 7 — 2 [E1k
Fast data assimilation with large number of parameters

B YtEwic 350 2 Bt RS

Numerical Studies in Condensed Matter Physics

FEERR & =i

Project Associate Professor INUI, Koji

TR - WG TEDOBFICH D ATV S, —ik
MR RRIEAC X BB Tl FRE OB S&ITH L
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I D, LHALEDND, THIVoEFETIE, HNC AN
AT REND B 120, Bl E-LREZ ADO0 %
T A HE U0 AWFIEEE T GHIRNT - G 2 W2 7 Ta—
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D3 FLEOBFEIT>TWV5B, FHC, BEE Ttk {flibh
TV HBIMDIC K % KED/8T A ZOHEZE VI8
N2 ANTWVB, T WV Joififiehy « WigkstzHWa C &l
Ko T, TNETABMDEER RGN ST XS BH LVIE
RANZALOFRZE B L T EED T3,
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Hamiltonian

AC)
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BHETHMEDSTNERIRY B ETILZEET 2HREICE S 5FEDE
2, BROMEZRIEY L ZH5ELT B LD ETIVFHOEHOZBH
WRERVWTHEBILLES,

Schematic illustration of the method to solve the inverse problem of constructing a model
that achieves the desired physical properties. The parameters 0 in the model are optimized
using automatic differentiation so as to optimize the function L that represents the desired
physical property.

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

In our laboratory, we are pioneering the development of inverse analysis
and design methods for computational materials research. Traditional
approaches typically involve simulations with a limited set of parameters
for specific substances or conditions, focusing on identifying parameter
regions that achieve desired states. However, this method often falls
short in discovering novel substances and states due to its reliance on
predefined conditions. To overcome these limitations, we employ inverse
design techniques. These begin by defining the desired properties and
then identifying systems that can realize these properties. A key aspect
of our research is the use of automatic differentiation, a powerful tool
frequently utilized in machine learning, which allows for the control
of a large number of parameters. By integrating inverse analysis and
design, we aim to uncover new substances and mechanisms previously
unexplored. This innovative approach holds the potential to revolutionize
the field by enabling the discovery of groundbreaking materials and
processes.

Prepare a Hamiltonian ' (8)
with parameters 6

|

Calculate an objective function L(8)
representing desired physical properties

4

Calculate the derivatives 0L(8)/00
by using automatic differentiation

\4

Update to minimize L(8)
by using 0L(8)/08

|

Obtain the Hamiltonian % (8opt)
satisfying the desired physical properties

Repeat until
convergence

BEMOZRV R 7V I ALn7a—Fv— b,

Flowchart of the inverse design algorithm by using automatic differentiation.
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Functional Materials Group
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I Z A RIS DWW TN RS2 5 G IT5e 2D % T
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R, EEAREE IR #RRE DR D e, -/ A —)b
DT+ 7IEE TR E DFBREDRERANCHEA U, [RIRFIC,
R 7= ZRPAC K A BRI, D EDEHY T Iy
T ZYVZT Y YT EIRTERE 1 O HERE L
TWa, TNEE[FNEIIEREIC B U 7ZYPErFea o
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The Functional Materials Group (FMQG) 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.

JIV—TEFE HEE—
Leader INOUE, Keiichi
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HiZE T —< Research Subjects

RS A A TRV AR L — 5 — L andI P T
DYt
Gain-switched short-pulse semiconductor lasers and ultrafast non-
equilibrium non-linear optical physics

UKL —H—F NS Z s BV a—)b » AT LOF LIS
il

Development and applications of semiconductor-laser devices,
modules, and systems

T O el AR B 0D i 0 8 o )L A — 2 B & R T R
S
High-efficiency energy conversion and detailed-balance-limit physics in
advanced space solar cells

FOCRHUERAE, R2OVEYFOE, n kT vy - IV
Luminescence measurement standards, firefly bioluminescence,
rhodopsin Raman spectroscopy

-

B W HRE
Research Associate
KOBAYASHI, Masataka

iR b =X
Professor AKIYAMA, Hidefumi

FI Course
B REF

PR R/ BIEO YT, RER L — Y = KRG E
DT INA AP, R 2VEYIFRN IR 82, L—Y =7 - B
oY« P EEHRIER G AR SRR - TN 2 LT
WigEL T %,

PR L — IR LT, Mg RO R 2 BN 72 0o
A MR ERRRE 2 A L, T o L SRR OV AFEAERR
W8 N9 B ETE. TR H O S A R E it D R I S 72 7 X
R RS 2 Y I B 9 B . iR S A e T
FE38 D &)1 ERN A AR Tk IE LR 2R,
WAL — =, AEEKE. BRI EOMS R ERIAD
HEMN 5172 TV %,

TCE R & LT, Mtz s E MR T 5800,
SHEZE R 2 Hdf. T/ KRG OZE I 2GS S £
i BRSO BRI ORI ZFFE L TV D, N5 DF
iz IS U R 2OV ekl Aailsd e . A ks
HEROHEMELRM S EHFITHIZE L TV 5,

HD-2700 200kV x100k TE

100 EHA T BB FMIRHFEEL — T — (ab) LRZIVIVY T 15 —E (o) DIEE

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 III-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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;:l: J: m % % Inoue Group

FiZE T —< Research Subjects

B2 v Sy ER R 7Y v D5 THREA 71 = X Lot
REMRNT IS K O eiigt
Functional and spectroscopic studies on the mechanism of molecular
function of photoreceptive membrane proteins, rhodopsins

Febi o YCEHAE DR F AN DIEH]
Application of advanced spectroscopy for biomolecular study
7Ly T — 2 LIS LT BRI R 2\ B
Exploration of novel photoreceptive proteins using genome big data
A7 & IR E B L 72 T 72 R AR ) OB REVE 1 D
fEIl &z b & D < BBIEREIE ) T FITE

Elucidation of functional determinant factors of biomolecules and the
develo&)ment of novel functional molecules using machine learning
methods and experimental automation

B#E xH =

Research Associate
NAGATA, Takashi

BEBE M EE

Project Research Associate
KATO, Yoshitaka

HHE HE £=—

Associate Professor INOUE, Keiichi

HI Courses
EFR(CF WHEEMER
Adv. Mat., Frontier Sci.

Z < OEWIRE 2, BHOLEMEH DD O T %)V
F—e, NAROBREIZL 2 T 5 IcdDOIEHRIEE L TH
9%, ZLTTOLEITHLNEEREEIZRIZTON, Lk
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IR ) 70 i 70 SR BROIR B 73 e I E 2@ UC, MR
THBIRZ VN A7 O E ISR Z N 2 W
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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
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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 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
B 2RO IETHRRIE

Nonequilibrium states in quantum many-body systems

HRBIG, THHPIIEANDLE O MR OIS H]
Application of field theory to biology and information physics

FHEBIE

Fvo8)— RTT74
Project Research Associate
CHUDHARY, Swati

B BE HH
Research Associate
NUMASAWA, Tokiro

B M e
Professor OKA, Takashi

FI Course
B REF
[Phys., Sci.|
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Floquet engineering of band topology in ultrafast

Floquet p ® £
Q<
(
ﬁA(t Control of magnetlzatlon
.A -spin current, topological order
‘ # Tnverse Faradaye fect
* Floguet Kubo and TKNN formulae fK I*’*\* Renormalized exchange coupling
= Floguet Keldysh greens function ¢ g1 S 4 Tnduced scalar chirality

¥ effective interactions Floquet-Schrieffer-Wolff transf.

Laser-assisted hopping
Floquet topological states
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Correlated electrons driven by electric fields Megpeto-electrinoupling
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Nonlinear 'J““‘W“ Schwinger limit Switching (optical memory & Mott RRAM) New states, new functions
A | | R con Carrier generation Higher h: i i
i (hot pls s igher harmonics generation
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\ o, Floguet many-body methods (e.g. DMFT) -and near field techniques
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spintronics
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Wa,

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 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.

(b) Hypergraph of the reaction
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(a) Optogenetic control of two GPCRs
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Application of Floquet engineering to optogenetics and control of cell signalling.
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1: 2 ﬁ m % % Sugino Group
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Understanding electron transfer reactions in materials using a non-
equilibrium statistical mechanics approach

Yok « X 2 A v OmIRE

Quantum states of hydrogen and muon in a material

B & A O 8 — A

Electron-phonon couplings from first principles

B B A0 —F R

First-principles simulation of superconductors

BiR H &
Professor SUGINO, Osamu

FI Course
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[Phys., Sci.|
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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.

F=TENRIIWNIAZTEOKDYZaL—Y a3y, B—REHELEHTS
DR HFEDEICKY REEEY 2 L—Y 3 VHAEREICE o Te,
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.




