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"Complex electron systems" are emerging as a new paradigm in materials physics and chemistry. In such systems, strongly
correlated electrons in solids are combined with low dimensionality and/or geometrical frustrations, and produce a rich variety
of electronic phases and functions. We will explore the novel properties and functions of complex electron systems, together
with basic physics behind them. The playgrounds should be free from the existing boundary of materials, covering transition
metal compounds, organic molecular solids, surfaces and interfaces.

1. Devolvement of advanced characterization probe for complex electron systems
(1) Research and development of soft x-ray diffraction

We have established a new soft x-ray diffractometer at RIKEN beamline 17SU in SPring-8 and researched a variety of
compounds with this machine. One of the main targets is to develop a new scientific method of x-ray diffraction in this field.
Here resonant x-ray diffraction completely matches up to a research for ordered phases of the 3d or 4f electron system which
directly controls the novel electronic properties. Recent studies on strongly correlated electron systems have shown the
importance of soft x-ray resonant scattering in probing such charge, spin and/or orbital order. Soft x-ray diffraction is one of the
unique tools for a research of such systems. We have performed experiments on quartz (SiOs2) and berlinite (AIPO4) both of
which have enantiomers (handedness) in their atomic structure. Conventional x-ray diffraction cannot differentiate the
handedness in structure. We found that resonant x-ray diffraction at resonance of Si (Al) (1s) with the circularly polarized
x-rays is able to measure the chiral structure of quartz (berlinite) and that we needs to develop a new diffraction theory which
includes E1-E2 or E1-M1 resonant process.

2. Spectroscopic study on the electronic states of complex electron systems

(1) Correlation between magnetism and superconductivity
We have performed temperature-dependent laser-photoemission spectroscopy of the antiferromagnetic superconductor
ErNi2B2:C to study the electronic-structure evolution reflecting the interplay between antiferromagnetism and
superconductivity. Observed spectrum shows a very broad spectral shape. This is mainly due to magnetic pair breaking effects.
A temperature-dependent superconducting gap shows a sudden deviation from the BCS prediction just below 7k. This behavior
can be explained well by the theoretical model suggested by Machida et al. From these results, the origin of the observed
anomaly in temperature dependence of superconducting gap is a result of competition between the rapid evolution of
antiferromagnetic molecular field and the increase of superconducting condensation energy with decreasing temperature.

(2) Impurity effects in strongly-correlated metal SrsRu207
SrsRu207 is a paramagnetic metal with strong ferromagnetic fluctuations and a metamagnetic transition at H. // 8 T.
Furthermore, the metamagnetic transition is smeared out by a few percent of Ti or Mn impurities and 2.5 % of Mn doping
induces a metal-insulator transition. In order to understand the mechanism of the impurity effects in SrsRu207, we performed
STM/STS measurement on Mn or Ti doped SrsRu207. The local-density-of-states spectra on impurities show that there are
changes in characteristics of electronic states near the Fermi energy, which relate to the metamagnetic transition. Although
these spectra have different characteristics between Ti and Mn, the electronic states of both impurities extend over four lattice
constants. This indicating that the effective area of impurity does not depend on a variety of impurities.

(3) Observation of superconducting coherence factor by STM/STS under high-magnetic field
We have been investigating the superconducting gap of CazxNaxCuOz2Clz using STM/STS in order to search for new clues to
understand the mechanism of high- 7t superconductivity. We succeeded in observing the quasi-particle interference pattern in
this material and determined the dispersion relation of the d-wave superconducting gap in momentum space by using Fourier
analysis. However, effects of superconducting coherence factors, which are unique to the quasi-particle scattering processes in
the dwave superconducting state, have not yet been detected; the exact relation between the observed interference pattern and
dwave superconductivity has remained to be clarified. Since superconducting coherence factors are associated with
time-reversal symmetry, we examined the effect of high magnetic field, which breaks the time-reversal symmetry, on the
quasi-particle interference. By taking Fourier transformations from spectroscopic maps under magnetic fields, we have found
that quasi-particle interference patterns are enhanced if scattering vectors connect the momentum-space locations with the
same sign of the superconducting order parameter. On the contrary, quasi-particle interference patterns are suppressed by the
field if the sign is reversed between initial and final states. This characteristic magnetic-field effect is naturally explained by
the model in which d-wave superconducting coherence factors and vortices are taken into account. Thus, relation between
d-wave superconductivity and observed interference pattern is now established. Our technique, Fourier-transform STM/STS
under magnetic field is the only method to explore the magnetic-field effects on the momentum-space electronic state and can
be applied to studies of various quantum condensates.

(4) Visualization of the short-range ordering in high- 7t cuprates
Understanding various electronic states in the underdoped region is believed to be of great importance to elucidate mechanism
of high-temperature superconductivity in cuprates. For example, the pseudogap, which is an energy gap opening above the
transition temperature, and the stripe order, which is one-dimensional array of spin and charge, have attracted considerable
attentions. Spectroscopic probes are powerful to tackle these issues. In particular, precise real-space spectroscopy is highly
desirable because randomness concomitantly introduced with carrier doping achieved by chemical substitution becomes
pronounced in the underdoped region. Therefore, we have curried out STM/STS measurements on underdoped
Cas-:NaxCuO2Cl2 crystals. We discovered unidirectional electronic domains (‘nano-stripes’) in spatial arrangements of
excitation spectra. These ‘nano-stripes’ are characteristic in their dimensions and arrangements. Width and length are 440 and
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a few nanometers, respectively (a0: nearest-neighbor Cu-Cu distance). The center axis of the ‘nano-stripes’ is located on in-plane
oxygen atoms. Moreover, these ‘nano-stripes’ are turned out to be arranged along the Cu-O bonds while they disperse randomly
without long-range order. Most significantly, we found the ‘nano-stripes’ in indistinguishable form in Bi2Sr2(Ca,Dy)Cu20; as
well. These results evidently show with atomic resolution that the ‘nano-stripes’ exist ubiquitously in cuprates and inherent to
the CuOz planes responsible for superconductivity.

3. Novel properties and functions originating from frustrations

(1) Large thermopower in NaxCoO2 and LiRh204
By the Blotzmann equation approach, we studied the origin of the coexistence of the large thermopower and the large
conductivity in NaxCoOs. It is revealed that not just the density of states, the effective mass, nor the band width, but the
peculiar shape of the aig band is playing an important role in this phenomenon. Motivated by the newly synthesized
mixed-valent spinel LiRh204 for which a large thermopower is observed in the metallic cubic phase above 230K, we calculated
the Seebeck coefficient by the combination of local density approximation and dynamical mean field theory (LDA+DMFT). We
found that the experimental values were well reproduced not only by LDA+DMFT but also by the Boltzmann equation
approach. A careful analysis of the latter shows that the origin of the large thermopower shares a common root with NaxCoOz.
We also discussed how to increase the powerfactor of LiRh2O4.

(2) Phase diagram of the Heisenberg model on the zigzag ladder in magnetic field (Momoi, Furusaki)
We have determined the ground-state phase diagram of the S=1/2 Heisenberg model with ferromagnetic nearest-neighbor
exchange coupling J1 and antiferromagnetic next-nearest-neighbor exchange coupling Jz in a magnetic field. Below a
saturation field, bound states of magnons Bose-condense to form a state with spin nematic order or other multi-polar order.
When the field is further reduced, there appears another state which has a long-range order of vector chirality.

(3) Mott transition in frustrated electron systems
We investigated the Hubbard model on the anisotropic triangular lattice by means of the cellular dynamical mean field theory.
The phase diagram determined in the Hubbard interaction versus temperature plane shows novel reentrant behavior in the
Mott transition due to the competition between Fermi-liquid formation and magnetic correlations under geometrical
frustration. We demonstrated that the reentrant behavior is characteristic of the Mott transition with intermediate
geometrical frustration and indeed consistent with recent experimental results of organic materials.

(4) Quantum dynamics of chirality in frustrated spin-1/2 magnets
The chiral spin ordering and the associated quantum fluctuations in a frustrated spin-1/2 chain are studied in terms of the
simplest model for one-dimensional multiferroic cuprates like LiCuVOy, LiCuz02, and NaCuz202, showing the spiral magnetic
order and the associated ferroelectric order. Our bosonization study combined with the exact diagonalization suggests that
when the nearest-neighbor exchange coupling is much weaker than the antiferromagnetic second-neighbor one, only weak
easy-plane anisotropy drives the system into a chiral and thus multiferroic phase with gapless incommensurate spin
excitations. It possesses a tiny chiral ordering amplitude, reflecting a proximity to the SU(2) symmetry. The TO-phonon
mediated biquadratic Dzyaloshinskii-Moriya interaction is found to further stabilize the chiral order. We also reveal that the
dynamics of the chirality include (i) gapless solitonic excitations which propagate without changing the sign of the chirality and
(i) a spinon particle-hole continuum having a small gap of the order of the chiral ordering amplitude. Then, a gapless dielectric
response emerges through a magnetoelectric coupling, even though the system is a Mott insulator. These excitations may be
verified by careful experiments.

(5) The electron-lattice interaction on the pseudo-triangular lattice of Pd(dmit)2 salts
The molecular dimers in monoclinic-EtMesP[Pd(dmit)z]o form a pseudo-triangular lattice. This material is not an
anti-ferromagnetic insulator but a non-magnetic insulator due to the tetramerization below 25 K. In the pressure-temperature
phase diagram, it has been revealed that the superconductor phase is neighbored with non-magnetic insulator phase. On the
other hand, EtMesSb[Pd(dmit)s]s is thought to be most close to the triangular lattice, which is confirmed by temperature
dependence of the magnetic susceptibility and 3C-NMR. The Pd(dmit)2 molecules form two dimensional conducting layer ant
the conducting layer contains the columnar structure. Therefore, the difference in the magnetic behavior between these two
salts should be ascribed not only to the deviation from ideal triangular lattice but also to the degree of tetramerization. We have
studied degree of tetramerization for both materials using vibrational spectroscopy. The tetramerization mode is detected for
both materials, and the time-averaged molecular charges are almost uniform. The tetramerized structure is well developed for
monoclinic-EtMesP[Pd(dmit)2]2 as compared with EtMesSb[Pd(dmit)z]2. Since the Pd(dmit): dimers form almost uniform
columnar structure, at least two kinds of tetramerized structure are allowed. The development of one of the tetramer
structures inhibits a spin frustration for monoclinic-EtMesP[Pd(dmit)z]s. Therefore, the spin frustration for the p'—type
Pd(dmit)s salts requires the reduction of the tetmerization along with the spatial isotropic structure.
(dmit = 1,3-dithiol-2-thione- 4,5-dithiolate)

(6) Study on geometrical-frustration compounds

Ruthenium pyrochlores with a novel valence of Ru?*, AsRu207 (A = Hg, Cd, and Ca), were synthesized under a high pressure of
4 GPa. Their structure includes three-dimentional geometrical frustrated lattice. HgaRu2O7 showed a first order MIT
(metal-to-insulator transition) with a structural phase transition at 107 K, while Cd2Ru207 and CasRu207 showed no clear
transition in resistivity. There exists non-stoichiometry in the Cd and Ca sites less than a few percent which depends on the
synthetic condition. The non-stoichiometry led to systematic change in resistivity and susceptibility. The effect of high pressure
on the resistivity in AsRu207 (A = Hg and Cd) was studied. In HgsRu207, MIT temperature decreased by applying a pressure



and the transition disappeared at 6 GPa. A crossover from incoherent metal to coherent metal was observed for the pressures
more than 8 GPa. Metal-insulator transition in Cd2RuzO7 appeared and became sharper with increasing pressure. Spinel oxide
GeCo204 showed the antiferromagnetic transition accompanied with a structural phase transition from cubic to tetragonal
symmetry. We found a simple and easy way to control its crystallographical domains by using a weak uniaxial pressure. From
the result of the magnetization process measured for a domain-controlled single crystal, we succeeded in obtaining the
magnetic structure of the ground state.

(7) Pressure-induced metal-insulator transition in the heavy fermion oxide LiV204
LiV204 spinel oxide is a unique heavy fermion system made of 3d electrons. The origin of the quasiparticles still remains open
to question. It has been known that this oxide shows a metal-insulator transition at 150 K under 8.5 GPa. This is strikingly
contrast with conventional heavy fermion systems due to Kondo mechanism, which could be an important key to clarify the
origin. We therefore performed resistivity measurements on LiV204 under pressure up to 17 GPa using single crystal with high
quality in order to investigate T-P phase diagram of LiV204 in detail. We observed well-defined metal-insulator transition above
9 GPa and increasing transition temperature with increasing applied pressure. No anomaly in the resistivity of the insulating
state indicated that a charge ordering occurred together with the metal-insulator transition. Stabilization of the insulating
state by pressure suggests a clusterization of V in the insulating phase, which agrees with EXAFS study under high pressure
done by our group. T-P phase diagram of LiV204 indicates that the heavy fermion state of LiV20Oys is realized in the presence of
an instability against the charge ordering due to geometrical frustration.

(8) Anomalous ground state of diluted dipolar Ising magnet
Random field Ising model is determined by the random fields existing at each magnetic moment site, which in turn sum up to
give net zero internal field. Theory predicts anomalous magnetic ground states for this model, motivating the study of its
experimental realization. So far, however, LiHoxY1-«F4(LHYF) has been the only known example of the awaited material.
Besides, LHYF has its weakness in the low energy region, where its large hyperfine interaction disturbs the system from being
in the ideal random field Ising state. In this study, we have grown single crystals of a new candidate of the model, AY1-x(OH)3
(B=Dy, Ho), and investigated the peculiar magnetic ground state by measuring low temperature physical properties
(magnetization, specific heat and ac susceptibility in transverse field). We succeeded in growing single crystals of ZY1<(OH)s
(for both B=Dy and Ho) with fine increments of x down to a very diluted magnetic concentration (x = 0.025). When a magnetic
field was applied perpendicular to the Ising axis in the low 7'regime, 7'- 0, the ground state of these materials showed features
of FM - PM quantum transition. Although this transition was also previously reported in LHYF, a clearer transition was
shown for DyxYi1x«(OH)s in the low energy region due to the small hyperfine interaction in Dy. It is thus evident that
RY1x(OH)3 overwhelms LHYF in terms of suitability to approximate the theory. With decreasing magnetic concentration, x,
FM transition temperature shifts to a lower T end and the ground state of BxY1x(OH)s changes from FM to a spin glass state,
similarly to LHYF. In addition, we discovered another magnetic phase below the spin glass phase. We will proceed to more
detailed measurements and investigate the relevance between this new phase and the anomalous glass state, the 'anti-glass
state' observed in LHYF.

4. New materials and devices of complex electron systems

(1) Fabrication of zero thermal expansion ceramics
We have successfully fabricated zero thermal expansion ceramics consisting only of a pure form antiperovskite manganese
nitride. We found that thermal treatment at a temperature more than 800°C or at lower atmosphere of nitrogen less than 1
atm dramatically reduces thermal expansion of the antiperovskite manganese nitrides: such a denitrogenating procedure can
reduce the coefficient of linear thermal expansion a within +0.5 p/°C over a wide temperature range (over 70°C) around room
temperature. Contrary to zero thermal expansion composites now commercially available, the present zero thermal expansion
material in a pure form has great advantages, reliable performance because of stable grain boundaries, low cost due to a simple
process of fabrication, and hardness inherent in nitrides. We expect a wide range of applications, in particular, ultra-precision
machining and process technology such as high-density integrated semiconductor devices.

(2) Novel proximity effects in S/N/F junctions
A series of Nb/Au/Fe, Nb/Au/Co, Nb/Au/Ni, Nb/Ag/Fe, and Nb/Pt/Fe trilayers have been prepared using an MBE machine. A
marked oscillation in the superconducting transition temperature (7¢) as a function of the N-layer thickness () was observed
only for the Nb/Au/Fe and Nb/Au/Co trilayers, which are of fairly high quality in interface profile and layer crystallinity
compared with the others. For the moment, we cannot rule out a possibility that the new form of quantum interference we have
observed requires the trilayer systems of high quality. The mechanism of the 7: oscillation as a function of & has not been
understood yet. It seems difficult to explain this oscillation within the theoretical framework based on the Usadel formalism,
since there is only one length scale of &v in the theory. By making a comparison between the Nb/Au/Co and the Nb/Au/Fe
trilayers, however, a deeper understanding of the S/N/F systems was acquired. The future theory should explain the results: (1)
the long-period (2.1 nm) oscillation in 7¢ is dominant at large thicknesses of #au (£a0>2 nm), while the short-period (0.76 nm) one
is dominant at small thicknesses (0<fau<4 nm), (2) the long-period oscillation is robust against the substitution of a different F,
and (3) the substitution of Co for Fe causes a phase inversion of the oscillation, but with the fixed points of 7¢ at faw=nx2.1 nm
(12" integers). The absence of the short-period oscillation from the Nb/Au/Fe trilayers also needs to be accounted for.

(3) Transport property of massless Dirac fermions in organic conductors
A zero-gap state with the Dirac cone type energy dispersion has been found in an organic conductor a-(BEDT-TTF)2I3 under
high hydrostatic pressures. This is the first two-dimensional zero-gap state discovered in bulk crystals with layered structure.

19



In this work, out-of-plane magnetoresistance of this system was investigated at low temperatures. The purpose is to clarify a
characteristic feature of the bulk zero-gap system. When magnetic field (B) was applied along the normal of the 2D plane, the
magnetoresistance (M) decreased as a function of M/ B!. This result strongly suggests that this material is a truly zero-gap
conductor with the Dirac cone type energy dispersion. In the zero-gap system, N=0 Landau level called zero-mode appears at
F=0 under the magnetic field. The negative out-of-plane magnetoresistance is associated with increase in the density of states
which is proportional to the strength of magnetic field on the zero-mode Landau level.
(BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene)

(4) Magnetoresistance effect and Hall effect in strongly correlated electron systems
We have investigated temperature dependence of the Hall coefficient and the resistivity of an organic Mott insulator,
B'-(BEDT-TTF)2ICl: under ambient and hydrostatic pressures up to 2 GPa. The charge gap, the effective mass and the
scattering lifetime of carriers on the Mott Hubbard bands were evaluated by analyzing these transport properties. We found
that the effective mass, m*, and the charge gap, 4, can be written approximately as 1/m* (1-4/Ust) in low pressure region and
have evaluated the value of the effective on-site Coulomb energy Usr as 445 meV. Moreover, we revealed that the effective
scattering lifetime is proportional to the averaged distance between carriers in the two dimensional plane, which suggests an
existence of the scattering process attributable to carrier-carrier umklapp scattering in the Mott insulating state.
(BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene)

(5) Isolation and Synthetic Applications of 2,5-Bis(alkynylsilyl) Zirconacyclopentadienes
2,5-Bis(alkynylsilyl)-1-zirconacyclopentadienes 1 were formed highly regio- and chemoselectively in excellent yield by the
homocoupling reaction of 2 equiv of bis(alkynyl)silanes mediated by a lowvalent zirconocene species (Negishi reagent)
generated in situ from Cp2ZrBua. Single-crystal X-ray structural analysis of
2,5-bis(phenylalkynyldimethylsilyl)-1-zirconacyclopentadiene 1 revealed a sandwich-type conformation. Hydrolysis or
halogenation of these zirconacyclopentadienes 1 afforded multisubstituted stereodefined Si-bridged conjugated systems.
Skeletal rearrangement of these 2,5-bis(alkynylsilyl)-1-zirconacyclopentadienes with aromatic substituents afforded
zirconacyclohexadienesilacyclobutene fused ring compounds. Using these zirconacyclopentadienes 1 as starting reactive
organometallic reagents, interesting cyclic compounds such as bis(alkynylsilyl)benzene derivatives and
bis(alkynylsilyl)thiophene derivatives could be prepared in high yield.

(6) Teraherz response of carbon nanotube quantum dots
Single quantum dots can be formed in an individual single-wall carbon nanotube (SWNT) simply by depositing metallic
contacts on top of it. The SWNT in between the contacts behaves as a single quantum dot where electrons are confined in a
one-dimensional confinement potential. The important energy scales associated with the dot, the single electron charging
energy and the level spacing of confined single particle states, exist in a frequency range from submillimeter to teraherz (THz).
This fact makes us to expect quantum response of the SWNT quantum dot to the TH wave. To test the idea, we have measured
single electron transport at 1.5K under the THz laser irradiation with different frequencies and powers. Without irradiation,
standard Coulomb oscillations were observed. When the THz wave was irradiated, new peaks appeared beside the main
Coulomb peak, and their positions moved linearly as the applied frequencies were changed. This suggests that the side peaks
originate from the THz photon absorption of an electron in the dot to tunnel into the drain, a THz photon assisted tunneling.
The power dependence of the main peak and the side peak was also studied. As the power was increased, the height of the main
peak decreased, while the height of the side peak increased. These observations suggest the Bessel-type behavior based on the
Tien-Gordon model that is popular in superconducting tunnel junctions. Our observation of the THz photon assisted tunneling
is the first in quantum dots.

(7) Single-wall carbon nanotube with superconducting contacts
Superconductor with a one-dimensional normal constriction is possible with a single wall carbon nanotube (SWNT). We have
studied the electron transport in a SWNT with superconducting contacts of Al. A low contact resistance as small as a quantum
resistance can be realized with Pd sandwiched between the Al and SWNT. This indicates that the ballistic transport is realized
in the SWNT. The current was measured as functions of the source drain voltage (Vsa) and the gate voltage (Vg). The
measurement showed the Fabry-Perot interference pattern, suggesting that the SWNT is working as a resonator for electrons.
The important notice was that the supercurrent flowed at Vsa=0 that was modulated by the gate voltage. This observation could
be explained by the resonant levels that were broadened by the weak confinement and the position of the resonant states was
modulated by the gate voltage. Another important observation is dips the differential resistance due to the multi-Andreev
reflection, which was observed in a subgap of the voltage state. The position of the dips appeared in the predicted positions by
Vu=2A/ne, where A is a superconducting gap and n, the order of the Andreev reflection. In the experiment, the dips up to n=2
were observed.

(8) Fabrication of carbon nanotube with nuclear spins
A nuclear spin could be important for the quantum bit since it has a long coherence time. To explore the feasibility of the use of
nuclear spin in carbon nanotube quantum dot, we have grown carbon nanotubes made of 13C atoms which have 1/2 nuclear
spins and characterized by Raman spectroscopy and transport measurements. Carbon 13 nanotubes are obtained by the CVD
growth with ethanol with 3C. By Raman spectroscopy of samples with various content of 13C, we have found that the 13C
content of carbon 13 nanotubes can be controlled by that of ethanol, and that 13C content dependence of the FWHM shows peak
around 50 % probably due to randomness. We have established the fabrication process of quantum-dot devices using the carbon
13 nanotubes and succeeded to observe clear Coulomb diamonds at low temperature. To clarify the interaction between nuclear
spins and electron spins in the carbon 13 nanotube quantum dots, measurements and analysis of the magnetic field



dependence and the response to radio wave are under way.
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