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Discoveries of new materials, for example, high
temperature superconductors, organic conductors,
graphene, and topological insulators, have often
opened new horizons in materials science. Applica-
tion of extreme conditions of low temperature, high
pressure, and high magnetic field has 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 search, synthesis and
characterization of new materials.

Each group in this division pursuits its own
research on synthesis of new materials and high
quality samples, and precise measurements of trans-
port, thermal, magnetic properties including nuclear
magnetic resonance. Their main subject is to elucidate
varied phenomena which emerge as a concerted result
of strong electron correlation, topology, multipole,
and molecular degrees of freedom, in transition metal
oxides, heavy electron systems, organic conductors,
atomic layer materials, and topological materials.
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*1 Fipzeis, AMSIETWEMESIL—T7, / concurrent with Quantum Materials Group
*2 FRgeIs. KISk R —UMFIZEFS. / concurrent with Division of Nanoscale Science
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NMR spectra of Al nuclei in PrTiAloH at the temperature of 60K and the
magnetic field of 6.6 tesla. The Pr ions with a non-magnetic doublet ground
state in the crystal electric field undergo ferro-quadrupole order at low tem-
peratures. There are three Al sites forming a cage surrounding Pr ions, each
of which splits into inequivalent sites under magnetic fields along <111> or
<100>. Each Al site generates five quadrupole split NMR lines, resulting in a
complicated NMR spectrum.

1. BRJT. 72AKL—b - REVRDI A F U XA EEFHER
Dynamics and quantum phase transitions in low dimensional or frustrated spin systems

2. BREGBEES
Exotic superconductors

3. BEEETFRICKE T BER - PuE - ZWMFOKRFEESE
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Professor

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.

T T T T
11> HEOBST. 2KUT mene AL
DERICHEWT, BUEFH*E M r=1.0062T 1.55 K1
D= NMR HIBIRM 22T - L _ 1.90 K
B, Hic3av( hhoofES | \fk/LAA“‘

Z AR CHE > TH 5o s MJ\MZ'OgK
The NMR lines split below =, 2.22 K
2K under the magnetic field 2 A A

along <111> due to ferro- % 230K
quadrupole order. The signals & AAJL.Z 40 K
from the 3a sites are indi- A A '
cated by the red box. L 2.99 K|

1 1 1 1 14'2 K

109 11.0 11.1 11.2 113 114 115

Frequency [MHz]

NMR HISR ORI S BEFEED
MORMEN L= —TICRED, T
BFOKRF/INTAXA—=FHNRES N
feo

The splitting of NMR lines

= =[010]
b

’
» uniquely determines the symme-

[100] try of the charge density distribu-
a tion and the order parameter.

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

4. AEVHEREBFRICE T 2HBTLHKE
Novel orders in spin-orbit coupled electron systems
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Sakakibara Group
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Professor Research Associate

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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Magnetic phase diagram of the itinerant Ising ferromagnet URhGe. The
Curie temperature of this compound can be tuned by applying a magnetic
field along the magnetically-hard b axis as shown in the schematic phase
diagram (a). A first-order transition appears close to a quantum phase transi-
tion region (Hp ~12 T). (b) shows the phase diagram near the quantum phase
transition, constructed from the magnetization data. The first-order transition
region expands in a wing structure by an additional magnetic field along the
magnetically-easy ¢ direction, and closes at a tricritical point (TCP) near 4 K.
Quantum wing critical points (QWCP) exist on the T'=0 plane.

Magnetism and superconductivity in heavy electron systems

2. TEFLAYOLETEHEICHEY 2HFLESE

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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Mori Group
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Professor Research Associate Project Research Associate

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, responses by external
stimuli such as pressure and electric field, and field effect
transistor) 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); 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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correlated purely organic conductors k-X3(Cat-EDT-TTF)
(X=H,D).

1. 2FOBREZENUVICHRER (B) BAEL070 NV EEEDFHFE & SRIERR
Development and studies of structural and physical properties for novel organic (super)conductors and proton

conductors based upon molecular degree of freedom

. BEFRTEFN O N VEH EBEL CBRGEE. SEEE. FEADORR ST

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

. AFHEMEDNE Bi5. B5. RE. EH) NBEOHE

Studies of responses by external stimuli (magnetic and electric fields, temperature, pressure) for molecular materials

. ERERNRN S VIR ORE
Study of organic field effect transistor
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Osada Group
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Gapped bulk band structure in an organic Dirac semimetal a-(BEDT-
TTF),I3 with finite spin-orbit interaction. Parities of wave functions are
indicated at symmetric points. The parity product of -1 means that the sys-
tem is a topological insulator. The inset shows the energy spectrum of finite
system with the edge parallel to the one-dimensional chains. There appears
a helical edge state in the gap.

1. BT« 2 v VEEEO MROY ALY
Topological properties of an organic Dirac semimetal
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Associate Professor Research Associate

Quantum transport in electron systems. We search for, eluci-
date, and control new electronic states and quantum transport
phenomena that appear in topological materials, low-dimen-
sional materials, and nanostructures. Targeting atomic layer
materials such as graphene, their van der Waals complex stacks,
topological insulators/semimetals, low-dimensional organic
conductors, and artificial semiconductor/superconductor
nanostructures, we investigate new topological or quantum
effects in transport phenomena. Key experimental techniques
are alignment and transfer for building up atomic layer stacks,
micro-fabrication for small device structures, precise double-
axis field rotation, miniature pulse magnet generating above 40T,
etc. Recently, we have focused on studies on quantum transport
in graphene junctions and black phosphorus thin-films, various
topological phases in an organic conductor a-(BEDT-TTF),I3,
and the magnetic-field-induced electronic phase transition in

graphite.
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Magnetic Field (T) DHAFHHREH,
Magnetoresistance of the black phosphorus thin-film FET device encapsu-
lated by h-BN thin-films for several gate voltages. Single Shubnikov-de Haas
oscillation of two-dimensional (2D) holes is observed in negative gate volt-
ages. In contrast, double oscillations indicating the existence of two kinds of
2D electrons appear in positive high gate voltages. The inset shows an opti-
cal microscope image of the FET device.

Electronic structure and quantum transport in atomic layers and their van der Waals stacks

3. BREROVAINYEDEFRERR

Quantum transport phenomena in layered topological materials

4. BRYEOBERERSCELERIE—L VX

Interlayer coherence and angle-dependent magnetotransport in layered conductors

5. BRY S 7 71 b OWBFRLEEFIRES

Magnetic-field-induced electronic phase transitions in thin-film graphite
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The ultralow tempera-
ture cryostat at ISSP.
§ Nuclear demagnetiza-
tion cooling enables
experiments down to 1
mK under a magnetic
field up to 10 T. The
lower left picture is an
enlargedview of the
experimental space.
The lower right picture
shows a cantilever cell
for torque measure-
ments.
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Associate Professor Research Associate

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 exotic electronic
states by scanning magnetic microscope and elementary excita-

tions of quantum spin liquids emerged in frustrated magnetic

materials.
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Temperature dependences of the dielectric constant (blue), the thermal con-
ductivity (red), and the magnetic susceptibility (green) of the organic Mott
insulator k-H3(CAT-EDT-TTF),. In the shaded area, quantum paraelectric
state and quantum spin liquid state emerge concomitantly.

Study of strongly correlated-electron systems at ultralow temperatures

2. EEMHEKBEWEZ AW CREETREONR

Study of exotic electronic states by scanning magnetic microscope

3 BEAEMNT AL —2avedb DHEEICEITEEFALVRIE

Quantum spin liquid state in geometrically-frustrated magnets

19

THE INSTITUTE FOR SOLID STATE PHYSICS 2018



Hei R PETZERM

Division of Condensed Matter Science

T TWE7E =

Yamaguchi Group

IVZUINA Y IR TFHERZRET LGB EMEEZ D
ORTIRETHY, bR EORIREZE 2 - WHBIR
O ERIT, BN AMERSARICE VTR, 20K
IBRIVIVINAVE (BTFOACHAREZAM) %
HROFTICHEBLTE 2 EREREELR>TED, YR
HDORMEILTHH B,

WIFAETIE, AERYOSRIEICER LB %01
Rtz LT, SRR EREEROFEBUCEILTE
2o 5T, ZNRHIBLTRINE TIMEMN D2 NE
B THSIREOMEI TR TH 5 Z L2 FHIELTE T,
M LW TV 2 L) REICHRRI L L
T, ZYFVINRAV RS TH B TFUEOFKI L
ZDOHIENCHD HATWL, 216 DR & 4 2 Y VERGE
BRI R ZDWH DT ICHED 2,

20

o

A1)y 4:1l

YAMAGUCHI, Hironori
REERER

Visiting Associate Professor

Entanglement, a quantum state with an unconventional corre-
lation, is at the heart of quantum mechanics and can induce
physical phenomena beyond our senses. In advanced material
science research, realizing such entanglement (utilizing the spin
degree of freedom) in magnetic materials has become one of the
goals, and it is also an unexplored area of physical science.

Our laboratory has focused on the diversity of organic
materials and succeeded in realizing a wide variety of organic
magnetic materials through molecular modulations. Our present
focus is to find new quantum phenomena caused by entangle-
ment and to control their magnetic properties. We conduct the
research in collaboration with Sakakibara group.
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