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Modern technologies that support our current world are based on various materials. Semicon-
ductors in cellular phones and computers, liquid crystals used in a display, carbon materials
that are light and strong, superconductors driving a linear motor car, solar panels --- just to
name a few. It is a great achievement of materials science that has developed since early
20th century as a discipline to understand properties of wide variety of materials based on
the microscopic principles of electrons and atoms that we are now able to control properties
of materials to make them useful for our life. The Institute for Solid State Physics (ISSP) was
established in 1957 as a joint-use research institute to advance materials research in Japan.
After the activities over 40 years in Roppongi, ISSP moved to Kashiwa in 2000 and is now
recognized worldwide as a center of materials research aiming to synthesize new materials,
discover new functions, and establish new scientific concepts.

Director TAKIGAWA Masashi
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3‘ Angle resolved high pressure NMR probe.
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Angular dependence of the magnetization of the spin-ice compound

Dy=Ti=20O7 grown at ISSP.

New materials
and new phenomena

o

Discoveries of new materials have often opened new iInsulating bulk state

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 tem-

peratures, high pressure, and high magnetic field
demonstrate unusual electronic states. New materials
and new phenomena also lead to the future develop-
ment of new devices and technologies. One of the

subjects of our current intensive research is the ef- 150 a-(BEDT-TTF)l3
. . . .  JAAB . ' ]
fects of strong electronic correlation, in particular, | “ \Au sample #.,2
T I Au - —'J""f" M?
novel phenomena related to topological, multipoles, NE \\ i_;;__; #___‘_;rm
. . £ 100 “%BEDT-TTF),l, -
molecular degrees of freedoms in transition metal . T=0.5 K*
oxides, heavy electron systems, and organic conduc- %
tors. Here, various advanced experimental technigues mﬁ 50_ """"""""""
are employed, such as materials syntheses, device
fabrication, and transport, magnetic and calorimetric 0' o
0 10

measurements. The goal of the Division is to uncover

novel phenomena that lead to new concepts of matter,

il ] ..‘»‘ll

through combined efforts of search, synthesis and

T 145w IBEFRa-(BEDT—TTF)alsDN\U AJVIFREIARE & BRI T
Helical surface state in the v =0 QH state in the Dirac multilayer
and interlayer magnetoresistance scaled by cross sectional area of
two samples.

characterization of new materials.

ERGBIGE k-(BEDT-TTF)2Cu(NCS) D EEREMIERBE R E FDEESR,
Electrocrystallization and single crystals of organic superconductor
K-(BEDT-TTF)2Cu(NCS)-.
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aluminum film and low-energy incident ions reproduce experimental
results very well, including the oscillatory behavior reflecting the

EFUVVWIRRDFEDAIGEE LS EZHIELTVE ionic shell structures.
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Microscopic understanding of
the nature of matter from the
fundamental laws of physics

1 RTTMN— A ERADYFEES(ICH(TD2EaDEE DR, Bidg d D RICHIF BRI/ BRFLOEBEBFOIXRIVF— EEEFR—IVIRE
_ _ _ _ _ _ Negative density reflection in Y-junction of one-dimensional Bose O xyo
The microscopic basis for understanding the diversity condensates. Energy spectrum and the Hall conductance of electrons on a

i . honeycomb lattice under a magnetic field.
of properties of matter is the law of guantum mechan-

Ics, which is the fundamental law of physics governing

the motion of electrons and nuclei. The key aspect 3 N \ — . | | |
_ _ _ _ _ U/t=0.0, Keldysh - —
producing the remarkable complexity from this simple 2 _ W Localized v/\_/- _______ . . ~§f§33§? Eﬁﬁgé : P
= | \ /I\N !9 g7 I ' T
i~ - i o) o U/i=1.5, TdDMRG ~ » SN
law of physics is the effect of the interaction amonsg 22t \ - _ o [ UL TONRG < ]
1 1 b o = At A X
an astronomical number of particles on the order of & W \ l S at
- Incoherent 7N < 1.5 - D7 ’ bl
1023, To understand novel phenomena, a condenced- S 4 h hopping =~ < g
© 1+ /,f’ o ° _
matter theorist formulates a theoretical model for an = e e @ 4 /f
_ _ R N %" Coherent x ] 0.5 .
interacting many-body system that captures the es- O OO ~ superposition \,/+,\, ﬁf*"”*
: : : 0 *- | | |
sential physics of the problem. To conduct a theoreti- 0 1 g = igzw/V 3 4 0 05 1 1.5 2
p— eV/t
cal study on such a model, various approaches devel-
. . . . B RS UBF_SHEROEY T HIVEIC & BHEHE, BRI EETIEDAGEERAVTCHEURETF Ry MENLTHRNZIETE
oped in theoretical DhYSICS are employed: the analytlc Phase diagram of quantum dissipative double-well systems B BIAREDE .
obtained by Monte Carlo calculation. Current through a quantum dot calculated by the time-dependent

methods of mathematical physics, field-theoretic one | o

ensity matrix renormalization group method.
methods, and numerical methods including first-princi-
ples calculations based on density functional theory

and quantum Monte Carlo simulations.

T Ep

HESEME _ EOKDEEE NTMEAHN . F—[RIED FHHFEE,
Structure and distribution function of water on a Pt electrode :
first-principles molecular dynamics simulation.
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Nanoscale materials, surfaces,
and interfaces

Novel electronic, magnetic, and chemical properties

appear in atomica”y well-defined artificial low-dimen- EEE M RIVIEMERZ AL CHIIRE CRRRSNSEBEFETE, FEARRELDFERFHDOEEZ/INIVAERZHWCHEANICE{ESE, REZ
Electron standing waves on a Cu surface observed by scanning tun- MNDERZEAAYFT B,
sional, nanosca|e—peri0dic, and surface/interface SYS- neling microscopy (STM). One-dimensional electronic conduction is switched by locally chang-
] ] ing the tilting direction of a pair of surface atoms using a pulsed
tems because of their unique structures. We are current.

studying these systems of metals, semiconductors,
and oxides to elucidate their formation mechanisms

and fundamental material properties microscopically
using modern ultra high vacuum, micro fabrication, and

microscopy technologies, and so forth. We are also de-
veloping new experimental methods for these studies
and investigating ways to utilize the newly found prop-
erties of these systems for fabricating new devices.

PR EYIEIRESF IR F S I RS
Oxide thin film FET

Cu(100)REDAT v 7T MmlCEIRNICIRIET B
AL O TH—0FFA-TCNQDSTMER, 110
STM image of strong acceptor F4-TCNQ ___. w "

molecules preferentially adsorbed at a lower =
step edge on Cu(100). Wiy
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Basic science in functional
materials

The Functional Materials Group, which consists of sev-

eral current faculty and staff members of ISSP, is one
of two new trans-divisional and interdisciplinary re-
search groups. They deal with excited states and dy-
namics in systems with hierarchical and inhomoge-
neous structures, including chemical reactions and dy-
namical processes in biological systems, based on the
knowledge of solid state physics and chemical phys-
iCS.
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Interdisciplinary studies to discover
novel quantum phases and functions

Discovery of new materials, new phenomena, and new

concepts has progressed condensed matter physics.
The breakthroughs have been often made at an inter-
section of various different research fields. Our group
promotes interdisciplinary studies based on the collab-
oration between theory and experiment focusing on
bulk synthesis, characterization through state-of-art
measurements and spintronics application. to discov-
er novel quantum topological phases, functional mate-
rials, and spintronic functions in correlated elec-
tron/spin systems.
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Functional Materials Group
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Enzyme and luminescent molecule in firefly bioluminescence. Muta-
tion changes bioluminescence color.
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Doped nitrogen atom (blue ball) activating the electrochemical re-
duction of an oxygen molecule (red balls located above the blue
ball), as revealed from the first principles molecular dynamics simu-
lation of the zirconia-solution interface.

Quantum Materials Group
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a, B MEA(ER) & B MEEMN:SN(AR) ICH(F D EER—ILEIR,

b, MNaSND A I X4&F _E DRSS

C, MnsSnIC&1F 5 =E T Dh—VIBFIERDBISIKTFIE,

Large Anomalous Hall Effect found in an Antiferromagnet

a, Anomalous Hall effect in ferromagnets (left) and in noncollinear
antiferromagnets (right)

b, Crystal and spin structure of the antiferromagnet MnsSn.

c, Magnetic field dependence of the Hall resistivity in MnzSn at room
temperature.

SEFTAEV7ARICBIFDHETE/ R—ILDIe—L 2 RNEEF
EZRI LR

Schematic picture showing the coherent propagation of
magnetic monopoles in a quantum spin ice.
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Physics under multiple extreme
conditions

This division studies the physical properties of con-
densed matter under extreme conditions such as ultra
low temperatures, and ultra high pressures combined
with steady high magnetic fields up to 20 T. In addi-
tion to individual extreme conditions, physics under
multiple extreme conditions is also focused on. Under
these conditions, novel phenomena, which cannot be
understood in terms of existing theories and thus
stimulate the creation of new concepts, are expected
to occur. Discoveries of such phenomena have often
opened up new horizons in materials science. Many
noteworthy instruments developed in this division in-
clude are those which produce low temperatures down
to a few tens of uK, high pressure up to 12 GPa, and
high speed rotation of cryostats at over 12 rad/sec.
These machines are frequently used in collaboration
with many scientists from throughout Japan and
abroad.
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Large nuclear demagneti-zation refrigerator for experiments in
world-record-class extreme condition, down to 10> K andup to 15 T.
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ISSP ULT rotating cryostat with world's highest rotation speed. The
physics of vortices and textural transitions in superfluid 3He is
being studied under steady rotation with the speed up to 12 rad/s.
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Measurement of angle-dependent pattern of magnetoresistance
over entire range of magnetic field orientations.

HFEDEZEBRRIE NS COYHRAEZITOENHEKD,

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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Materials synthesis

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 repre-
sents the three processes involved in developing new
materials; design, synthesis, and characterization. A
modern supercomputer is used to reveal novel mecha-
nisms behind various cooperative phenomena in con-
densed matter and for theoretical design of new mate-
rials as well as materials with novel nano scale struc-
tures. Various types of hew materials are being syn-
thesized and single crystals are being grown for physi-
cal measurements. The structural, electromagnetic,
and optical properties of the materials are character-
ized in various ways. The results are immediately feed-
back to the synthesis and design of materials. Almost

all the facilities of the MDCL are open to domestic sci-
entists through the User Program conducted by the
Steering Committee of the MDCL.
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Drastic change of magnetic susceptibility and long-period struc-

tures within a very narrow pressure-temperature region found in a
vanadium bronze.
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Volborthite

i : CU3V207(0H)2 2H20
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"Magnetization steps” observed in the spin-1/2 kagome antiferro-

magnet Volborthite.

A—)\—dEa1—% Y A5 /LA NEC SX-9/64 cpu
Superconputer System A NEC SX-9/64 cpu
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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 sug-
gests that the transition is always of the first order for this model.

Slipper in zigzag alignment
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Simulation of red blood cells in capillary flow. We observe different dy-
namics for different flow rate and density of the cells. Upper: low den-
sity, small flow rate Middle: low density, high flow rate Bottom: high
density

A—)\—3dEa1—% A5 LB SGI Altix ICE 8400EX/3840 cpu
Supercomputer System B SGI Altix ICE 8400EX/3840 cpu
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Neutron scattering - a unigue
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
iInteract 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 Scatter-
ing. 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 dimen-
sional magnetism, high-pressure physics etc.), funda-
mental physics and neutron beam optics, polymer,
chemistry, biology, and materials sciences.

BAREFNMRREFEEEEHRRAREFFJIRR-3,
Research Reactor, JRR-3, at Japan Atomic

Energy Agency (JAEA).
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Small-angle neutron-scattering study on deformation mechanism for
nanocomposite 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 thickness and 30 nm diameter.
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Doubly focusing analyzer and mono-
chromator for neutron scattering.
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9 1. Neutron scattering spectrometers in the
L. 8 guide hall of JBR-3.
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Study on proton conductivity of copper rubeanate hydrates using a
pulse cold-neutron spectrometer (AGNES, JRR-3). The diffusion co-
efficients (upper right) were calculated from the quasielastic spec-
tra (lower left) and compared with the model of proton conduction
(upper left).
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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 materi-

als, novel metals, and superconducting materials are
under study in extreme physical conditions. The mea-
suring techniques by use of the non-destructive and
long-pulse magnets are available for electric transport,
optical, and magnetization measurements at low tem-
peratures and/or high pressures. The facilities are of-
fered 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.
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An ultra high-magnetic-field generation system using the electro-
magnetic 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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View of the new buildings of the “International High Magnetic Field
Colaboratory” completed in 2008.
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The non destructive long-pulse magnet with the waveform of a
magnetic field.
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The world’s largest DC electric power generator; a flywheel genera-
tor capable 210 MJ stored by a rotation energy.
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Exploring new frontiers
INn 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 bare hands, 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, how-
ever, the growth of computer power is mainly due to

the growth in the number of the units. This fact
. RSt B BRI HE T I —DAY v T
thrusts a very challenging problem before us --- how Staff members of CCMS

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. For example, we established a branch
office of the center at Kobe, where ISSP researchers

are stationed. The center also plays the role of the
neadqguaters of the CMSI, an organization for massive-

y parallel computation in the materials science com-

munity.

T —HRRE
The Kobe brance of CCMS
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High-power Ti:sapphire lasers and high harmonic generation to produce attosec-
ond soft X-ray pulses.

EXERRZEFEET DArHA,
Argon gas emitting high
harmonies.
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Materials science using
extreme light
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role in establishing the theories of relativity and quan- | P
tum mechanics at the beginning of the 20th century. MR RRODBEEROL —Y —AB T | / H—RFHRR CON BB,

B& SatBsEiD/NY RaEL. Optical absorption spectrum of a single guantum wire.

Understanding the nature of light played an important

*

hese two theories have not only maid modern physics Laser-based photoemission spectrom-

_ eter with the world’s highest energy reso-

but have also been crucial to the development of e Tae reet shams fhe alhecie
band dispersion of a high-Tc supercon-

modern optical technologies such as synchrotron ra- B

diation and lasers. It is now possible to produce ex-

Binding Energy (eV)

tremely short bursts of laser light with attosecond

(10-'8sec) time scales. The range of available spectral

windows of laser-based light sources has also expand-

ed significantly, and now ranges from terahertz fre-

guencies to soft-X rays. In SPring-8, we are studying

soft X-ray sciences using the most brilliant synchro-

tron beamline. We are developing both extreme light

sources and various spectroscopic techniques to ex-
plore wide ranges of novel materials and phenomena
Including high-Tc superconductors, strongly correlated

materials, photo-induced phase transitions, biological
molecules, solid surfaces/interfaces, and semiconduc-
tor nanostructures.
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The optical frequency comb made by an Yb-fiber laser.
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"Femtosecond movie" of a nuclear wave packet directly
mapped by time-resolved photoluminescence spectra.
This wave packet motion corresponds to ionic vibration
in solids.






