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Materials Science
—Its Scope and Development
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Materials occurring in nature are composed
of various combinations of a hundred-or-so
elements, and each one of them exhibits its
own characteristic properties. Take electrical
conduction, for instance, materials can be
classified into insulators, semiconductors,
metals and superconductors.

There are numerous cases in which a particular
material changes from an insulator to a metal, or from
a metal to a superconductor depending on the physical
conditions (temperature, pressure, magnetic field, etc.).
Materials science seeks to elucidate the rich variety of materials'
properties from the basic principles of physics (quantum mechanics
and statistical mechanics, in particular) and chemistry, and aims

at understanding the materials world in full perspective. Materials science also

forms the basis of state-of-the-art technologies such as semiconductor devices, magnetic devices,

optical communication, which supports the modern high-tech society.

Over the years, the scope of materials science has been expanded from conventional crystalline solids to amorphous materials,
so-called soft matters such as gels and liquid crystals, and artificially fabricated systems such as superlattices and nano-scale
systems. Pursuit of unexplored extreme conditions such as ultrahigh magnetic field, ultralow temperature and very high pressure and
sophisticated utilization of quantum beam probes such as laser, synchrotron radiation light and neutron beam are at the forefront of
development of experimental techniques. In recent years, large scale numerical computations using high performance
supercomputers are gaining importance, as an approach complementary to development of models and

theories that grasp the physical essence of complex phenomena.



History of the ISSP
WP DS

OHFRIBMRA & LTRE

SR RE

O ERPIEAAE . 22 HRFI A 5

5 KERFIA
OIEfRMIMET O Y = 7 ~ (BBaRIS 1BRRL — —  REWE. |
BEEME.BSE) DRE

O%E—[H ISSP ERE S KT Y L

ot T AR O

eI IEAR T OIS
oY B el DX

oy v LIS ZAAFEE

Oﬁﬁkiikmé
O =R IA ISR F I Fe e R DFEX

O - HEMTEHLA L L TBR
0§§%Eﬂ$ﬁ%t>a—®%ﬁé
0@@:t—v>h%ﬂﬁﬁ%t>9—w%gé

oFRMFINUAM
OHITAIFIT 7 )L — 7 (HiEMiE. B TNE) DBIE

1957 @ Establishment of the ISSP

as a collaborative research

institute
1975 @ Foundation of Synchrotron

Radiation Laboratory
1980 @ Reorganization of the institute

@ Start of the “Physics in Extreme Conditions” project

which includes Ultra-High Magnetic Fields, Laser Physics,

Surface Science, Ultra-Low Temperatures, and Very High Pressures
1989 @ The first ISSP International Symposium
1993 @ Foundation of Neutron Scattering Laboratory
1996 @ Reorganization of the institute to prepare for the movement

to the Kashiwa new campus

@ Foundation of Materials Design and Characterization Laboratory

2000 @ Relocation to the Kashiwa new campus
2004 @ Start of the “National University Corporation”
2006 @ Foundation of Internarional MegaGauss Science Laboratory
2010 @ Start as a joint-usage/joint-research organization
2011 @ Foundation of Center of Computational Materials Science
2012 @ Establishment of Laser and Synchrotron Research Center
2016 @ Reorganization of the institute

@ Foundation of interdisciplinary groups
(Functional Materials Group and Quantum Materials Group)
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New materials and new phenomena

Discoveries of new materials have often opened
new horizons in materials science. High
temperature oxide superconductors, carbon
clusters, nanotubes, graphene, and organic
conductors are good examples. Materials under
extreme conditions such as low temperatures, high
pressure, and high magnetic field demonstrate
unusual electronic states. New materials and new
phenomena also lead to the future development of
new devices and technologies. One of the subjects
of our current intensive research is the effects of
strong electronic correlation, in particular, novel
phenomena related to topological, multipoles,
molecular degrees of freedoms in transition metal
oxides, heavy electron systems, and organic
conductors. Here, various advanced experimental
techniques are employed, such as materials
syntheses, device fabrication, and transport,
magnetic and calorimetric measurements. The
goal of the Division is to uncover novel phenomena
that lead to new concepts of matter, through
combined efforts of search, synthesis and
characterization of new materials.
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Angular dependence of the magnetization of the
spin-ice compound Dy2Ti207 grown at ISSP.
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Angle resolved high pressure NMR probe.
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Helical surface state in the v=0 QH state
in the Dirac multilayer and interlayer
magnetoresistance scaled by cross
sectional area of two samples.
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Microscopic understanding of the nature of matter from
the fundamental laws of physics

The microscopic basis for understanding the diversity of
properties of matter is the law of quantum mechanics,
which is the fundamental law of physics governing the
motion of electrons and nuclei. The key aspect producing
the remarkable complexity from this simple law of physics
is the effect of the interaction among an astronomical
number of particles on the order of 10%. To understand
novel phenomena, a condenced-matter theorist formulates
a theoretical model for an interacting many-body system
that captures the essential physics of the problem. To
conduct a theoretical study on such a model, various
approaches developed in theoretical physics are
employed: the analytic methods of mathematical physics,
field-theoretic methods, and numerical methods including
first-principles calculations based on density functional
theory and quantum Monte Carlo simulations.
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Phase transition of interacting
anharmonic oscillators.
Temperature (T/t) and potential
energy (€/t) dependences of the
occupation (n,) of the oscillator.
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Current through a quantum dot calculated by the

time-dependent density matrix renormalization g b

group method.
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Energy spectrum and the Hall
conductance of electrons on a
honeycomb lattice under a
magnetic field.
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Phase diagram of quantum dissipative
double-well systems obtained by Monte Carlo
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Structure and distribution
function of water on a Pt
" electrode : first-principles
molecular dynamics
simulation.
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Current-Voltage characteristics of superconductivity in a
diluted magnetic semiconductor indium-iron-arsenide
induced by the proximity effect from niobium.
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Observation of spin-to-
charge current conversion at
Cu/Bi203 interface by
means of spin pumping.
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Nanoscale iridium pillar spontaneously phase-
separated from a SrTiO3 matrix, which can be used
as an electrode for photoelectrochemical water-
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STM image of an iron-nitride
atomic layer. Bright dots are iron
atoms.

T;gu....r

REERRER EOBRRFES ST
YOS TME

STM image of graphene on a
step-and-terrace substrate.
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Real-space observation of the
proximity effect of superconductivity
by scanning tunneling microscopy.
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Nanoscale materials, surfaces, and interfaces

In atomically well-controlled artificial low-dimensional
systems, self-organized nanoscale structures, and
atomically well-defined surfaces/interfaces, novel
electronic, magnetic, and chemical properties instrinsic to
the nano-size emerge. Using advanced thin-film growth
methods, micro fabrication techniques, ultimately precise
measurement technologies, and microscopic techniques,
we have studied these nano systems to explore the unique
properties and elucidate the mechanisms in a microscopic
manner. We have also developed new experimental
techniques suitable for these studies and device
fabrication methods aiming for the application of newly
found properties.
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acid on Cu(111).
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Basic science in functional materials

The Functional Materials Group, which consists of several current
faculty and staff members of ISSP, is one of two new trans-divisional
and interdisciplinary research groups. They deal with excited states
and dynamics in systems with hierarchical and inhomogeneous
structures, including chemical reactions and dynamical processes in
biological systems, based on the knowledge of solid state physics
and chemical physics.
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Enzyme and luminescent molecule
in firefly bioluminescence. Mutation
changes bioluminescence color.

Quantum Materials Group
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Materials synthesis, high-pressure measurements and
virtual experiments using a supercomputer for solid
state physics

The aim of the Materials Design and Characterization
Laboratory (MDCL) is to promote materials science with
the emphasis on the DSC cycle, where DSC represents
the three processes involved in developing new
materials; design, synthesis, and characterization. A
modern supercomputer is used to reveal novel
mechanisms behind various cooperative phenomena in
condensed matter and to pursue theoretical design of
new materials as well as materials with novel nanoscale
structures. Various types of new materials are
synthesized and single crystals are grown for physical
measurements. The structural, electromagnetic, and
optical properties of the materials are characterized in
various ways. The results are immediately feedback to
the synthesis and design of materials. Moreover, novel
phenomena that have never been observed at normal
conditions are explored under extreme conditions,
especially at high pressures up to 15 GPa. Aimost all the
facilities of the MDCL are open to domestic scientists
through the User Program conducted by the Steering
Committee of the MDCL.
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Pyrochlore oxide superconductors found
in the MDCL.
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Cubic anvil high-pressure apparatus. Cryostat
for experiment under multiple extreme
conditions of low temperature, high magnetic
field, and high pressure.
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A flow diagram of the 3D double-XY model
obtained by numerical simulation. The flow starting
around the decoupled XY fixed point (indicated by
a large filled circle) systematically deviates from it,
evolving toward the region where a clear first order
signature has been obtained (A =-2). No separatrix
is found and it strongly suggests that the transition
is always of the first order for this model.
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Simulation of red blood cells in capillary flow. We
observe different dynamics for different flow rate
and density of the cells. Upper: low density, small
flow rate Middle: low density, high flow rate
Bottom: high density
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Neutron Science Laboratory
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Research Reactor, JRR-3, at
Japan Atomic Energy Agency
(JAEA)

JRR-3 HiA Rik—JL
DREFHIEEREE,
Neutron scattering
spectrometers in the
guide hall of JRR-3.
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Small-angle neutron-scattering study on
deformation mechanism for nanocompo-
site polymer gels. Stress vs stretching-
ratio plot with two-dimensional scattering
patterns. Although the water content is
more than 90%, the gel can be stretched
to more than 10 times its original length
owing to network structure of polymer
chains and clay platelets of 1 nm thick-
ness and 30 nm diameter.
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Doubly focusing analyzer and
monochromator for neutron

scattering.
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Study on proton conductivity of copper rubeanate
hydrates using a pulse cold-neutron spectrometer
(AGNES, JRR-3). The diffusion coefficients (upper
right) were calculated from the quasielastic
spectra (lower left) and compared with the model
of proton conduction (upper left).
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Neutron scattering —a unique tool to study the structure
and dynamics of matter

Neutron is one of ingredients which form nuclei or atoms.
It can penetrate deep inside of materials and interact with
a nucleus or magnetic fields created by electrons which
surround the nucleus. To utilize such neutron properties,
crystal and magnetic structures in the materials are
investigated by neutrons, and this method is called
"Neutron Scattering".

The Neutron Science Laboratory (NSL) provides a large
scale General User Program for Neutron Scattering. Under
this program, close to 300 proposals are submitted each
year, and the number of visiting users under this program
reaches over 6000 (person-day/year). Major research
areas include solid state physics (strongly correlated
electron systems, high-Tc superconductors, heavy fermion
systems, low dimensional magnetism, high-pressure
physics etc.), fundamental physics and neutron beam
optics, polymer, chemistry, biology, and materials
sciences.



Laboratories

International MegaGauss Science Laboratory
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Investigation of extreme material functions using the
world’s strongest magnets

Strong pulse magnets are being developed, and the
electronic states in semiconductors, magnetic materials,
novel metals, and superconducting materials are under
study in extreme physical conditions. The measuring
techniques by use of the non-destructive and long-pulse
magnets are available for electric transport, optical, and
magnetization measurements at low temperatures and/or
high pressures. The facilities are offered for use by not
only domestic users but also those from overseas. It is
planned to establish long pulse magnets energized by the
world’s largest 210 MJ-DC flywheel generator to explore
the 100 T regime. Magnetic fields above 100 T are
achieved by destructive electro-magnetic flux compression
and the single-turn coil techniques, and are used for
research in solid-state physics.

MHRARAKDERER; BEHEBEEIRIL
F— 210MJ D7 S 7R+ — )L FBHE,
The world’s largest DC electric power
generator; a flywheel generator capable
210 MJ stored by a rotation energy.

BIRREZNICKRBEI N "BRIRIEE) ICL BRI RERE,
An ultra high-magnetic-field generation system using the electromagnetic flux
compression method has been installed at ISSP inside protection housing.
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The primary coil used for electro-
magnetic flux compression with the
time profile during the magnetic field
compression.
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Center of Computational Materials Science
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"K-computer" (AICS/RIKEN, Kobe)
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Exploring new frontiers in materials science with massively
parallel computing

The goal of the materials science is to understand and predict
properties of complicated physical systems with a vast number of
degrees of freedom. Since such problems cannot be solved with
human brains only, it is quite natural to use computers in materials
science. In fact, computer-aided science has been providing
answers to many problems ranging from the most fundamental
ones to the ones with direct industrial applications. In the recent
trends of the hardware developments, however, the growth of
computer power is mainly due to the growth in the number of the
units. This fact thrusts a very challenging problem before us --- how
can we parallelize computing tasks? In order to solve this problem
in an organized way, we coordinate the use of the computational
resources available to our community. In addition, we support
community members through various activities such as
administrating the website "MateriApps" for information on
application software in computational science. We are also acting
as the headquarters of the post-K computer project (priority area
7), as well as participating other national projects such as the
post-K computer project (pioneering area 1), Professional
Development Consortium for Computational Materials Scientists,
and Energy Strategy Initiative.
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Laboratories

Laser and Synchrotron Research Center

WEE I — LY MERIZEMREY 5 —
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Optical frequency comb based
on an Yb-fiber laser

AUFYN - AV /—RiEEE R DK RBIEEE KFe,As,
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Superconducting-gap anisotropy and orbital contributions
of Fermi surfaces of iron-based superconductor KFe,As,

with octet-line node structure
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Intense ultrashort-pulse
Ti:sapphire laser for producing
attosecond soft-X-ray pulses
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Time-resolved photoemission
apparatus using coherent soft
x-ray pulses produced from
high-power Ti:sapphire laser
and its higher harmonic
generation
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(a,b) £R/VILRFEEREREA
Sy a3 EEL—Y— ()
Nano-structures in a 100-period
T-shaped quantum-wire laser
(a,b) and current-injection multi-
section semiconductor laser for
short-pulse generation (c).
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Materials science using extreme light

Understanding the nature of light played an important
role in establishing the theories of relativity and quantum
mechanics at the beginning of the 20th century. These
two theories have not only made modern physics but have
also been crucial to the development of modern optical
technologies such as synchrotron radiation and lasers. It is
now possible to produce extremely short bursts of laser
light with attosecond (10®sec) time scales. The range of
available spectral windows of laser-based light sources has
also expanded significantly, and now ranges from
terahertz frequencies to soft-X rays. In SPring-8, we are
studying soft X-ray sciences using the most brilliant
synchrotron beamline. We are developing both extreme
light sources and various spectroscopic techniques to
explore wide ranges of novel materials and phenomena
including high-Tc superconductors, strongly correlated
materials, photo-induced phase transitions, biological
molecules, solid surfaces/interfaces, and semiconductor
nanostructures.




Synchrotron Radiation Laboratory
W 3BT 5 EER
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Polarization-controlled soft
X-ray undulator installed in
30m long straight section
of SPring-8.

EBEDRERXRFEL I HEE,
B - RIFHEORENTE 2,
Ultrahigh energy resolution soft
X-ray emission spectrometer
equipped with a manipulator for
solids and a flow-through cell for
liquid experiments.

&R Supporting Facilities
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Materials science using synchrotron radiation

Synchrotron Radiation Laboratory (SRL) was established in
1975 as a research group dedicating to study solid state
physics using synchrotron radiation from SOR-RING, the first
dedicated light source for the material science in the world and
was operated. SRL holds and maintains a soft X-ray undulator
beamlines at the SPring-8. SRL has been studying materials
science using synchrotron radiation intensively. And the
beamline is fully opened to outside users for experiments.

.1&5‘1/&“35 Cryogenic Service Laboratory
IR B RN 7 AR RRE R 2 G5 5 LRI,
IRFEATICRE T AR L — A2 To TV E T,
Cryogenic Service Laboratory provides liquid helium and liquid

nigtrogen, as well as technical advices for low-temperature
experiments.

.I{"EE Machine Shop
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The machine shop, where unique research instruments and devices are

made, plays an important role in developing innovative experimental
apparatus.

.ﬁﬁ%ﬁ%ﬁ%fﬁﬁ Radiation Safety Laboratory
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The lab is aimed to protect researchers from irradiation and provides
equipment for radiation experiments and radiochemical operations.

. %E Library
BTN ZEE OIFFER KRB OE & £ 12, EDILRF

HFFEE D720, WikR 2L e L8R 2 S8 L.
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The ISSP library holds many documents concerning materials science
for researchers.

. E%ﬁ;ﬁg International Liaison Office

HHEINZ BT BRRFZE B0 R — N &fk L O ISSP [EE S v R
VY LOEEIIET AEBEToTVET,

O Support the ISSP visiting professorship program

O Assist the organization of the ISSP international symposium
O Provide necessary information for overseas researchers

.'|%$Ej:§'ﬂﬁ§ Information Technology Office
FIN LAN, B, WWW H— 37 ED KR — /N OEHLE
Mxfi>TwET,

The office operates the local area network in ISSP, WWW server, and
other servers to support all ISSP users.

.D:%EE Public Relations Office
Web - I TOBRFBER. —EESSFOMESHE L &
577 M) —=FEEZToTWET,

The office offers information of our institute by webpage and
publications, and is also in charge of outreach activities.
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Joint Research and International Collaboration

Domestic Joint Research
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International Activities
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The facilities of ISSP are open to domestic researchers,
who are encouraged to submit joint research proposals. In
addition, ISSP provides opportunities for young scientists
including graduate students across the country to do
research for extended periods. ISSP supports travel and
research expenses for visitors.

The supercomputer system of ISSP is used via internet by
domestic researchers.

W RERB FURIRAK
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Number of subjects and researchers adopted to domestic joint research
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ISSP plays an important role as an international center of
condensed matter science. The unique facilities of ISSP have been
used in many international collaborations. Many foreign
researchers have been spending their early careers at ISSP
supported by various fellowship programs sponsored by the Japan
Society for Promotion of Science, the Ministry of Education,
Culture, Sports, Science and Technology, and other agencies. ISSP
has also been coordinating the Japan-US cooperative research
program on neutron scattering since 1981. In addition, ISSP
organizes international symposiums and workshops.

B =IA0ERY VRIDLARUEBRT—2 3w 7 Recent international symposiums and workshops

D7 i esemn Dae I R
International Workshop on 3D Atomic Imaging at Nano-scale Active Sites in Materials 2012.8.6~8 68 (10)
Emergent Quantum Phases in Condensed Matter (EQPCM2013) 2013.6.3~21 160 (35)
The 2nd DYCE-Asia and ISSP-International Workshop on “Life Science and Photonics” 2013.12.17~18 58 (11)
New Horizon of Strongly Correlated Physics (NHSCP2014) 2014.6.16~7.4 161 (34)
ISSP International Workshop: Joint Symposium of Polymer Networks and Research Group on Polymer Gels 2014.11.10~14 282 (94)
Topological Aspects in Correlated Electron Systems 2015.3.26 70 (8)
ISSP-MPIPKS Joint Workshop, "Dynamics of Strongly Correlated Systems" 2015.3.30~31 89 (11)
New Perspectives in Spintronic and Mesoscopic Physics (NPSMP2015) 2015.6.1~19 229 (54)
The 18th Asian Workshop on First-Principles Electronic Structure Calculations 2015.11.9~11 197 (94)
Topological Phenomena in Novel Quantum Matter: Laboratory Realization of Relativistic Fermions and Spin Liquids ~ 2016.2.29~3.4 90 (70)
International Workshop on Tensor Networks and Quantum Many-Body Problems (TNQMP2016) 2016.6.27~7.15 125 (35)
The 17th International Conference on High Pressure in Semiconductor Physics (HPSP-17) & Workshop on 2016.8.7~11 110 (37)

High-pressure Study on Superconducting (WHS)



Education, Miscellaneous

Workshop
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ISSP holds domestic workshops on specific subjects of condensed matter science
typically with a two to three-day schedule. Proposals for workshops are submitted

from researchers over the country and selected by the Advisory Committee for Joint
Research.
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ISSP contributes to the graduate education in condensed
matter science using its unique facilities. The faculties
participate in the following departments of the graduate
school of the University of Tokyo: Physics, Chemistry, Earth
and Planetary Science, Applied Physics, Advanced Materials,
and Complexity Science and Engineering. However, students
are encouraged to develop their careers across the
established disciplines. Every year introductory lectures on
condensed matter science and a guided tour are given to
those who are interested in graduate courses in ISSP.
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- Professors Project Associate  Project Associate  Research  Project Research  Technical Administrative Total
Prof rofessor Professor A A Associates Staff
20 2 16 1 39 2 30 12 122

Budget
BrE

TR 27 EETHEEE s TMH)

2015 Fiscal Year (Unit:Thousand Yen)

Grant-in-Aid

Regular Budget (A) Personnel (B) Non-Personnel
(C) from Private Corporations (D) from Governmental Agencies and Private Corporations

(E) from Ministry of Education, Culture, Sports, Science and Technology,
and Japan Society for the Promotion of Science
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The Institute for Solid State Physics, The University of Tokyo
T 277-8581 FTERMTHENES-1-5

5-1-5 Kashiwanoha, Kashiwa,Chiba 277-8581

TEL:(04)7136-3207

http://www.issp.u-tokyo.ac.jp/
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Harima Branch of Synchrotron Radiation Laboratory,
Laser and Synchrotron Research Center
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1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198 ,-'
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Neutron Science Laboratory
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106-1 Shirakata, Tokai, Ibaraki 319-1106 %,
TEL: (029)287-8900
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