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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
also lead to the future development of new devices and
technologies. The goal of the Division of Condensed
Matter Science is to uncover novel phenomena that
lead to new concepts of matter, through combined
efforts of search, synthesis and characterization of
new materials. Currently, our division consists of six
groups. Although each group has its own research
style and projects, we try to maintain close collabora-
tion between those groups working on production of
high quality materials and those working on advanced
technology for measuring physical properties.

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, fabrication of monoatomic
layer and nano structures, structural characterization,
transport, magnetic and calorimetric measurements, and
nuclear magnetic resonance under low temperatures,
high pressure, and high magnetic field.
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The boron NMR spectrum at a very low temperature and a high magnetic
field obtained from SrCux(BO3),, a quantum magnet in which spin-dimers
have a planer orthogonal configuration. The sample used in the measure-
ment was intentionally doped with impurities by replacing 0.5 % of mag-
netic Cu by non-magnetic Zn. The spin-dimers far from impurities form
singlet, however, those in the neighborhood of Zn impurity generate local
staggered magnetization (spin polaron). While the former corresponds
to the intense resonance lines with nearly zero internal field (shown by
arrows), additional 15 resonance lines provide a fingerprint of the spin
polaron generated by a Zn impurity.
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We use nuclear magnetic resonance (NMR) as the major
experimental tool to investigate exotic phenomena caused by
strong electronic correlation in solids. A remarkable feature of
strongly correlated electron systems is the competition among
various kinds of ordering such as superconductivity, ferro-
or antiferromagnetism, charge and orbital order. Quantum
phase transitions between these ground states can be caused
by changing the external parameters such as magnetic field or
pressure. Nuclei have their own magnetic dipole and electric
quadrupole moments, which couple to the magnetic field or
electric field gradient produced by surrounding electrons. This
makes NMR a powerful local probe for microscopic investiga-
tion of the exotic order and fluctuations of multiple degrees
of freedom of electrons, i.e., spin, charge and orbital. We use
various NMR spectrometers in different environment (low
temperature, high magnetic field and high pressures) to inves-
tigate transition metal compounds, rare earth compounds, and
organic solids.
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Distribution of Cu-spin moments in the neighborhood of a Zn impurity
obtained from analysis of the NMR spectrum The location of the Zn impu-
rity is indicated by x and red circles show Cu atoms. The solid (open) red
circles indicate Cu spins directed along (opposite to) the external magnetic
field. The Black circles show boron sites, where the numbers show corre-
spondence to the resonance lines in the NMR spectrum. In the NMR spec-
trum, not only the boron sites on the same layer as the Zn impurity but also
the boron sites on the neighboring layers are observed.

Dynamics and quantum phase transitions in low dimensional or frustrated spin systems

2. BRZBEER
Exotic superconductors

3. BERETRICHITZER - Bl - ZMTFOKRFEESE

Ordering and fluctuations of charge, orbital, and multipoles in strongly correlated electron systems

4. BHEBRECERICE T2 AEY EEBRDY A FIIR

Spin and charge dynamics in magnetic organic conductors
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Magnetic phenomena in condensed matter can be observed
at a wide range of temperatures. In heavy fermions and certain
other systems, interesting magnetic behavior often occurs at
low temperatures much below 1 K. Because of difficulty in
making magnetic measurements at such low temperatures, little
work has been done to date. Our interest is to research those
magnetic materials having low characteristic temperatures,
such as f-electron compounds, heavy fermions, quantum spin
systems, and geometrically frustrated spin systems. To study
these systems, we also develop necessary equipment. Equipment
we have successfully developed includes: high sensitivity magne-
tometers which are operable even at extremely low temperatures
down to the lowest of 30 mK, and equipment to perform angle-
resolved specific heat measurements in a rotating magnetic field.

The latter is an effective tool for investigating the nodal struc-

tures of anisotropic superconductors.
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The polar-angle (6) variation of the heat capacity divided
by temperature, C/T, of the heavy-fermion superconduc-
tor UPd,Als (T¢ = 2.0 K) obtained in various magnetic fields
rotated in the ac plane of the hexagonal crystal. (a) The experi-
mental results obtained at T = 0.2 K. (b) Calculated results of
the field-angular variation of the zero-energy density of states,
assuming a horizontal line node. The calculated results repro-
duce the experimental data satisfactorily. The angular variation
of C/T of UPd,Al; strongly suggests the existence of a horizon-
tal line node in the superconducting gap.

Magnetism and superconductivity in heavy electron systems

2. fEFLEYDOLBFEREICHRY 2KRFEESE

Multipole orderings and fluctuations in f electron systems

3. 75 AL — MEMEFRORLIERE

Magnetization of geometrically frustrated magnets
4, EFRAEVROEEIRRE

Ground state properties of quantum spin systems
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Development of “materials science” is started from discoveries
of novel materials with new concepts.

The development of novel functionalities (electron and
proton conductivities, magnetism, dielectrics, and responses by
external stimuli such as light and electric field) has been aimed
based upon molecular materials with utilizing intra- and inter-
molecular degrees of freedom.

The attractive points of molecular materials are 1) that a
variety of intra- and inter-molecular degrees of freedoms are
designable and controllable, 2) that large Coulomb interactions
(electron correlation) reflect the magnetism (electron particle) as
well as conductivity (electron wave) in molecular materials, and
3) that large responses by external stimuli are observable due to
softness of molecules and strong electron-phonon coupling.

In Mori group, novel Mott-type organic superconductor
k-ET2Cu(NCS)2 and charge-ordered-type one B-(meso-
DMBEDT-TTF),PFs have been developed and characterized
(Fig. 1). Moreover, novel electron-proton coupled purely organic
conductors, where conductivity and magnetism switching due
to coupled deuteron and electron transfers, have been developed
and characterized (Fig. 2).
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. AFOEHEZED UCHRER (B) BRELUT7O NV EAORR KRR
Development and studies of structural and physical properties for novel organic (super)conductors and proton
conductors based upon molecular degree of freedom

. BEFTEFN AN VIEEB S IHE U B EER. BRI SRR
Development and studies of structural and physical properties for electron-proton coupled molecular functional materials

B EBENHRE T DRBEAORR SRR
Development and studies of structural and physical properties for novel metal complexes whose magnetism and
conductivity are competitive

. AFHEMEDINE O Bis. B%. BRE. EN) ISEOMR

Studies of responses by external stimuli (light, magnetic and electric fields, temperature, pressure) for molecular materials
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Transport study of low-dimensional electron system. To search
for new phenomena in topological electron systems and electron
systems confined by small spatial structures or strong magnetic
fields, to clarify their mechanisms, and to control them for appli-
cation. We have a great interest in quantum effects, topological
effects, and many-body effects, which relate to Berry curvature of
band structure, pseudo-spin degrees of freedom, and commen-
surability among electron orbital motions, vortex (magnetic flux)
configuration, and spatial structures. Our targets are atomic layer
materials such as graphene, low-dimensional materials such as
organic conductors, and artificial semiconductor/superconductor
nano-structures. We flexibly explore new transport phenomena
and electronic states in small samples by electric, magnetic, and
thermal measurements using fabrication techniques for building
up atomic layer complexes (van derWaals heterostructures),
nano-processing techniques like EB, precise field rotation,
minijature pulse magnet, etc. under strong magnetic fields, high
pressures, and low temperatures. Recently, we have concentrated
our studies on quantum transport in atomic layer materials
(graphene, phosphorene, etc.) and helical/chiral electron systems
formed at the surface of topological phases.
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Alignment and transfer device installed in a glovebox. This
device can precisely align and fix an atomic layer on another
atomic layer one by one, to build up atomic layer complexes (van
der Waals heterostructures) in inert gas atmosphere. It is useful
particularly for atomic layer materials unstable in the air.
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Quantum Hall transport in monolayer/bilayer graphene junction. The sample was fabricated
on the h-BN few atomic layer substrate, of which surface is flat and inactive, to develop the
sample mobility. The behaviors of the longitudinal and Hall resistance across the junction
indicate that only the topologically protected edge channels remain along junction. The fine
structures around zero filling suggests the symmetry breaking of the ground Landau level.

1. BFEYME (UZ7xv. 74#RX74L V) OBFREEEFEE
Electronic structure and quantum transport in atomic layers (graphene, phosphorene, etc.)
2. BT« v VBFROETFR—ILERMERICE T2\ AILREREE
Helical surface state in quantum Hall ferromagnetic phase in an organic Dirac fermion system

3. ZREBFR-IRICE I BN I REREDEFEE

Quantum transport of chiral surface state in multilayer quantum Hall systems

4. BRYEOBERERSCELERIE—L VX

Interlayer coherence and angle-dependent magnetotransport in layered conductors

5 BEHET 7OV REFRICETENA X EBRIRE

Chaos and electron transport in Bloch electron systems under magnetic and electronic fields
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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 reach ~ 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 fluctuation is negligible.
Especially, we are now challenging measurements of correlated
electron systems at ultra-low temperature (below 20 mK) where
many interesting phenomena have remained unexplored due to
technical difficulties. Further, we are studying thermal-trans-

port properties of quantum spin liquids emerged in frustrated

ezt T3,

magnetic materials.
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tilever cell for torque
measurements.
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Temperature dependence of the thermal-Hall conductivity and the mag-
netic susceptibility of the frustrated antiferromagnet volborthite, showing
intimate relation between the thermal-Hall conductivity and the spin cor-
relation.

Study of strongly correlated-electron systems at ultra-low temperautures

2. BIERICHITBBEHERMDRER

Developments of ultra-low temperature cryostats and the precision measurement systems

3 BEAENT AL -3 v edb DHEEICEITE2EFAE VR

Quantum spin liquid state in geometrically-frustrated magnets
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In Tachikawa group, the development of accurate and efficient
computational methodologies to elucidate a wide variety of
molecular phenomena has been performed. For instance, Tachi-
kawa group has been developing new ab initio schemes to multi-
component (including electron, proton, and muon) systems
for nuclear quantum effects in molecular properties. The novel
methodologies are (a) Ab initio multi component molecular
orbital (MC_MO) method, (b) Ab initio multi component
quantum Monte Carlo (MC_QMC) method, (c) Multi compo-
nent density functional theory (MC_DFT) method, and (d) Ab
initio multi-component path integral (MC-PI) method.

By using these multi-component theories, the mechanism of
isotope effect for proton-electron coupled molecular conductors
developed in Mori lab. is aimed to be theoretically disclosed. By
focusing on quantum hydrogen and -7 stacking, the deuterium
isotope effects on crystal and electronic structures are eluci-
dated. The highly accurate multiscale calculation methods will
be simultaneously developed.
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TAKANO, Yasumasa
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Visiting Professor

Our research is focused on magnetic materials in which
interactions between spins are frustrated. Such frustration is
often a consequence of the geometry of the lattice on which
magnetic ions are located, prime examples being the triangular
lattice, kagome lattice, and pyrochlore lattice. In these materials,
unusual magnetically ordered states may appear at low tempera-
tures. In a few celebrated cases, spins can even remain disor-
dered down to the lowest temperature of experiment. The
true nature of such disordered states is one of the important
questions in physics and is often a matter of strong debate. We
primarily use calorimetric techniques at low temperatures and
in high magnetic fields to investigate these materials and draw
inference on their magnetic ground states and low-energy
excitations. Many of our investigations benefit from close collab-
oration with the ISSP group headed by Professor Sakakibara, the

world expert on high-precision magnetization measurements.
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