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Division of Physics in Extreme Conditions
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This division is organized to pursue the study
of physical properties of condensed matters under
extreme conditions such as ultra-low temperatures,
ultra-high pressures combined with steady high
magnetic fields up to 20 T. In addition to these
individual extreme conditions, physics under multiple
extreme conditions is also emphasized. Under these
conditions, novel phenomena, which cannot be
understood in terms of existing theories and thus
stimulate the creation of new concepts, are expected.
Discoveries of such phenomena have often opened up
new horizons in material science. Many outstanding
instruments developed in this division, for example,
are those which produce low temperatures down to a
few tens of pK and high pressures up to 15 GPa. These
machines are frequently used in collaboration with
many scientists from all over Japan and abroad. Some
of the main subjects are as follows,

1) Low dimensional quantum systems and liquid
under ultra-low temperatures and high magnetic
fields.

2) Low dimensional systems and/or Dirac electron
systems such as organic conductors and graphene.

3) Strongly correlated heavy electron systems such
as magnetic compounds or superconductors under

multiple extreme conditions.
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Professor Research Associate Research Associate

The high-pressure group has been studying various materials
under high-pressure conditions in combination with low temper-
ature and/or strong magnetic field. Nowadays, the techniques
combining these multi-extreme conditions have become popular
and indispensable for researches in solid state physics. However,
the developments of these techniques that can realize in-situ
measurements under multiple extreme conditions are often
challenging and require sophisticated considerations. This group
has devoted numerous efforts in developing such advanced
high-pressure techniques and in studying the strongly correlated
electronic systems, which is one of the most important themes
in modern solid state physics. Considering the fact that many
mysterious phenomena in strongly correlated electronic systems
result from the electron-phonon and electron-electron interac-
tions, we foresee the discovery of many unknown phenomena
under multi-extreme conditions because high pressure offers
an effective knob in tuning the inter-atomic distances and the
density of electronic state that controls the degree of complex

interactions.
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CrAs adopts the orthorhombic MnP-type structure with a first-order anti-
ferromagnetic transition at Ty = 270 = 10 K,which is accompanied with
discontinuous changes of lattice constant b by ~ 4% below Tn. Neutron
diffraction measurements established a double-helical magnetic structure
propagating along the orthorhombic ¢ axis with the Cr moment of 1.7 uB
lying essentially within the ab plane. The first-order Tn can be suppressed
quickly by the external pressure and vanishes completely at a critical pres-
sure Pc = 9 kbar. And then, bulk superconductivity with T = 2 K emerges at
the critical pressure. Our discovery of superconductivity in CrAs makes it
the first superconductor among the Cr-based compounds. (a) Temperature-
pressure phase diagram of Pressure-Induced Superconductivity in the Anti-
ferromagnetic System CrAs. The superconducting transition temperature
Tc has been scaled by a factor of 20 for clarity. (b) The superconducting
shielding fraction at 0.4 K, |47my|T=0.4x, and the superconducting transition
temperature width, AT, as a function of pressure. The symbols of circle (red),
square (blue), and triangle (green) in (a, b) represent three independent
samples with residule resistivity ratio RRR = 240, 327, and 250, respectively.

Search for new physical phenomena under multi extreme conditions

2. BEERYE I &IT 5 ENFEBEBIRKOMRE

Study of the pressure induced phase transitions in strongly correlated electron systems

3. ZERETICE T 22ERERR CBEMIEEST EDHEL

Development of high pressure apparatus and confirmation of physical property measurement techniques under the

multi extreme conditions
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Crystal structure of phosphorene (atomic layer of black phosphorus), and
band structure of phosphorene nanoribbon with the zigzag edge. We have
found that the metallic edge state appears in the middle of the bulk energy
gap in the finite system. Although phosphorene is a novel atomic layer
material expected as a high-mobility p-type 2D semiconductor, this metallic
edge state might play an important role in its transport properties.
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Associate Professor Research Associate

Transport study of low-dimensional electron system. To
search for new phenomena in relativistic Dirac electrons systems
and electron systems with small spatial structures or strong
magnetic fields, to clarify their mechanisms, and to control them
for application. 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 commensurability 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 semicon-
ductor/superconductor nano-structures. We flexibly explore new
transport phenomena and electronic states in small samples by
electric, magnetic, and thermal measurements using nano-fabri-
cation techniques like EB, precise field rotation, miniature 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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Quantum Hall ferromagnetic state in the multilayer Dirac fermion system.
There exists the helical surface state, which consists of the edge states with
opposite spin and chirality of the n=0 Landau level on each layer, on the side
surface, and it carries persistent spin current. We have experimentally con-
firmed the existence of the helical surface state in the organic Dirac fermion
system a-(BEDT-TTF),ls.

1. BFEYME (U757, 74RT7A4LVE) ODEFRELETFEE
Electronic structure and quantum transport in atomic layers (graphene, phosphorene, etc.)

2. BT« v VBFROETFR—ILERMERICE 5\ AILREIREE
Helical surface state in quantum Hall ferromagnetic phase in an organic Dirac fermion system

3. ZREBFR-IRICE T BN I REREDEFEE

Quantum transport of chiral surface state in multilayer quantum Hall systems

4. BRPEOBERERSCELERIE—L VX

Interlayer coherence and angle-dependent magnetotransport in layered conductors

5. BBESH T OYNBFRICEITBNA R EBXEE

Chaos and electron transport in Bloch electron systems under magnetic and electronic fields
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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, however, in some
materials because quantum fluctuations persist even at absolute
zero temperature. It was first discovered by Heike Kamerlingh
Onnes at 1911, who was the first to liquify Helium and reach
~ 1 K, that the resistance of mercury suddenly vanished at low
temperature. Followed by the 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
focusing on studies to characterize the elementary excitations
of a new quantum condensed state of spins which may emerge
in frustrated magnetic materials, such as antiferromagnets
at two-dimensional triangular or kagome lattices, by precise

themo-dynamic measurements at ultra-low temperatures.
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(a) The field dependence of magnetization of an organic Mott insulator EtMe3Sb[Pd(dmit);],, which is a candidate material of a quantum spin liquid (QSL).
The linear increase from almost the zero field shows the presence of a gapless magnetic excitation in this QSL. (b) Proposed phase diagram of the QSL where a

quantum critical phase emerges next to the magnetic ordered phase.

1. #ABWTSAKL—Y 3 vED DHERICH T ZEFAE VRE

Quantum spin liquid state in geometrically-frustrated magnets

2. BERICH T 2 HHBREIRE

Unconventional superconducting states at ultra-low temperatures

3. BERNERE CBERICE T 2 EEAIE R D7

Developments of ultra-low temperature cryostats and the precision measurement systems
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Nakano Group
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Visiting Associate Professor

In Ce- or Yb-based heavy fermion compounds, quantum
critical point (QCP) appears owing to the competition of
different states controlled by pressure, magnetic field, chemical
substitution, and so on. Around a QCP, interesting phenomena,
such as non-Fermi liquid behavior and non-BCS supercon-
ductivity, are often observed. We have been studying quantum
critical phenomena by synthesizing high-quality samples and
measuring their physical properties under extreme conditions
of pressure, magnetic field, and very low temperature. For
example, the ternary heavy fermion compound CePtSi; exhibits
a pressure-induced superconductivity between 1.4 and 2.4 GPa
with superconductivity transition temperature T ~0.15 K.
Furthermore, a sign of a valence transition/crossover is observed
at the pressures, indicating that the pressure-induced supercon-
ductivity is mediated by valence fluctuation similar to the case
in CeCux(Si, Ge)2. We will clarify the universality of the valence
fluctuation-mediated superconductivity using high-quality
single-crystal samples and the extreme conditions.
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