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Strongly correlated f- and d-electron systems including heavy Fermion systems and
transition metal oxides are important source of exciting new phenomena in condensed
matter physics. Recently it has been recognized in more profound way that the
orbital degeneracy of the f- and d-electrons plays very important role underlying those
exotic phenomena. The idea of the present workshop is to bring active researchers in
the field together and to exchange ideas in informal atmosphere. In the workshop,
twenty seven papers were presented and the following subjects were discussed : orbital
ordering in tramsition metal oxides, role of orbital degeneracy in heavy Fermion

systems and effect of geometrical frustration on orbital fluctuations.

Keywords: Orbital Ordering, Orbital Fluctuations, Electron Correlation, Unconventional
Superconductivity, Novel Magnetism, d-electron Systems, f-electron Systems.

Organizers: Kazuo Ueda and Takashi Hotta
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1. Physics of ruthenates: the charge, the spin and the
orbital

Manfred Sigrist
Theoretische Physik, ETH-Hdonggerberg, 8093 Zirich, Switzerland

Ruthenates have received much attention for their versatile physics. In this
talk T will review some aspects of the unconventional superconductivity of
the quasi-two-dimensional Fermi liquid SryRuQ,. The superconducting phase
has spin-triplet p-wave symmetry and violates time reversal (chiral p-wave
phase), an analog to the A-phase of superfluid 3He. For the stability of this
phase spin-orbit coupling and the relation among the three 4d-t5,-conduction
bands are important. This requires that d,,~-band is dominant for supercon-
ductivity. In this context the problem of orbital-dependent superconductivity
will be discussed. A further unusual property is the occurrence of inhomo-
geneous superconductivity in SrosRuQO4 with Ru-metal inclusions at T' =~ 3K
(“3-Kelvin phase”). This phase provides an interesting means to test the
pairing symmetry.

If the isoelectronic Ca replaces Sr, i.e. CasRuQ4, we find an antiferro-
magnetic Mott-insulator. The continuous doping between the two limits,
Cas_51,RuQy, leads to a sequence of phases with unusual properties. I
will show that some of the phases can be understood within the concept
of an orbital-selective Mott insulator transition. In contrast to the super-
conductor, here the other two ¢y4-orbitals, dy, and d,;, are the key players.
Together they contain 3localized electrons while the d,,, though half-filled,
retains its itinerant character. This leads to an orbital and spin degree of
freedom whose dynamics can be described within Kugel-Khomskii-like effec-
tive Hamiltonian. A mean field calculation shows that such a model explains
the essential properties of Cas_,Sr,RuQy, at intermediate doping.

The work reported here has been done in collaboration with T.M. Rice, D.
Agterberg, K.K. Ng, J. Goryo, M. Matsumoto, A. Furusaki, H. Monien,
H. Kusunose, C. Honerkamp, V. Anisimov, M. Troyer, I. Nekrasov and D.
Kondakov.
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2. Magnetic frustration and criticality at the structural instability in Ca,.,St,RuOy:
the role of the orbital degree of freedom

Satoru Nakatsuji
- National High Magnetic Field Laboratory, Tallahassee, Florida 32310 USA

In strongly correlated multi-band systems, the deformation of lattice, which strongly
couples with orbital degrees of freedom, often dramatically alters the ground state.
Among them, the single layered ruthenate Ca,,Sr,RuO, gives a unique example,
connecting two distinct ground states: the Mott insulator Ca,RuQO4 and the spin-triplet
superconductor Sr,RuQy4. The isovalent Sr substitution changes the crystal distortions to
induce the Mott transition and the rich evolution of itinerant magnetism. This talk will
‘review the phase diagram and feature the role of Ru 4d orbtal degrees of freedom.
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3. Orbital correlations and charge dynamics in manganites
Tsuyoshi Kimura

Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-8656

The orbital degree of freedom of d-electrons in manganites plays an important role not
only in the magnetic structure/property but also in the charge dynamics. In analogy to
localized spins coupled with the conduction electron spin, the orbital ordering and
correlation occasionally govern the anisotropy and ﬁlagnitude of the electron transfer
in manganites. We present the results of recent structural, magnetic, electric, and
spectroscopic investigations on the interaction between the orbital and charge
dynamics for perovskite manganites.

This work has been done in collaboration with K. Tobe, K.T. Takahashi, K. Hatsuda,

S. Kawamoto, and Y. Tokura.
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4. Orbital Dynamics in 3d Transition Metal Oxides

Sumio Ishihara

Department of Applied Physics,
University of Tokyo, Tokyo 113-8656 Japan

Experimental and theoretical studies of orbital degree of freedom in 3d transition
metal oxides have started long time ago. It was considered widely that the static orbital
order and the cooperative lattice distortion are indivisibility with each other, although it
is recently found that the orbital orderings in some classes of materials are not
accompanied with the compatible lattice distortions. On the other hand, differences
between the two are expected to appear clearly in their dynamics, because of difference
of their characteristic energies.

I will introduce, in this talk, the recent theoretical developments of orbital dynamics
in 3d transition metal oxides. The collective orbital excitation in the orbital ordered
phase is termed orbital wave and its quantized object is “orbiton”. This new type of
excitation has been predicted theoretically and recently observed by Raman scattering in
LaMnOj3;. Now, orbiton is surveyed in a wide variety of 3d transition metal oxides with
orbital degeneracy. Perovskite titanates and vanadates are one of the candidates. One
and two electrons occupy the triply degenerate tp, orbitals in Ti** and V' ions,
respectively. There are several different characters between e, and t,, orbitals, such as a

-number of degeneracy, the orthogonality of the transfer integral, the orbital angular
momentum and so on. It is shown, in the linear spin wave approximation, that there
exist two kinds of excitations per ions, i.e. a dispersive excitation mode and a
non-dispersive zero-energy mode. By including the zero-point fluctuation in the
antiferro-type orbital ordered state, a stable orbital state is obtained. Possible excitation
processes of orbital wave in the Raman scattering and the neutron scattering
experiments are proposed, and their spectra are calculated.

This works is in collaboration with T. Hatakeyama and S. Maekawa in Institute for
Materials Research, Tohoku University.

References
[1] S. Ishihara, T. Hatakeyama and S. Maekawa Phys. Rev. B 65 064442 (2002).
[2] S. Ishihara and S. Maekawa (unpublished). '
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5. Spin and Orbital Effects of Cooper Pairs Coupled to a Single
Magnetic Impurity
Mikito Koga! and Masashige Matsumoto?®
'Fac. of Edu. and ?Fac. of Sci., Shizuoka Univ.

We focus on two simple unconventional superconducting states which
have a full energy gap and whose angular momenta are good quantum num-
bers, assuming that a local spin is located at the center of two-dimensional
coordinates. One is a p, + ip,~-wave state whose order parameter is given.
by Ay (ks + iky), and the other is a d,2_,2 + id,,-wave one represented by
Aq(([ks2 — ky2] + ikyky). Since the density of quasiparticle states for both
cases has the same energy gap with the s-wave, we can extract an orbital
effect of Cooper pairs which is never seen in the s-wave superconductivity.
We investigate a new type of Kondo effect due to a Simp = 1/2 or Simp = 1
impurity (Sip is a size of the local spin) in these superconducting states,
using the numerical renormalization group (NRG) method.

In our previous study on the Kondo effect in the unconventional supercon-
ductors [1,2], a short-range scattering object was considered for the impurity.
The atomic orbital of the impurity is restricted to the s-orbital denoted by
the | = 0 angular momentum. The angular momentum of the Cooper pair is
I =1 for the p, +ip,~wave and [ = 2 for the d,2_,2 +id,,~wave. The NRG re-
sult shows that the ground state is a doublet and the situation is completely
different from the s-wave superconducting case. However, in this case, we
did not find any difference between the p; + ip,-wave and dy2_,2 + idg,-wave
cases.

In the present study [3], we take into account the scatterings of the [ =1
(I = 2) electrons on the impurity site as well as [ = 0 for the p, + ip,~wave
(dy2—y2 + idgy-wave). Introducing the two exchange couplings, we can dis-
tinguish the spin-triplet Cooper pair from the spin-singlet one in the Kondo
effect. The difference appears in the form of the effective exchange interac-
tion in our Kondo model. The p, + i¢p,~wave generates spin anisotropy, and
the ground state is always.a spin doublet for Sip, = 1/2. For Simp = 1, the
triplet state of the local spin is split into a singlet and a doublet, and the
ground state is always a spin singlet. For the d;2_,2 + id,,-wave, the ground
state changes from a spin doublet to a particle-hole doublet as T increases
for Simp = 1/2. Similarly, the interchange of triplet and singlet ground states
occurs for Simp = 1.

1. M. Matsumoto and M. Koga: J. Phys. Soc. Jpn. 70 (2001) 2860.

2. M. Matsumoto and M. Koga: Phys. Rev. B 65 (2002) 024508.
3. M. Koga and M. Matsumoto: Phys. Rev. B (in press).
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6. Microscopic Theory on the Spin-orbit Coupling and
Triplet Superconductivity in SrsRuQOy4

Youichi Yanase
Department of Physics, Graduate School of Science, University of Tokyo, 7-8 -1 Hongo
Bunkyo-ku, Tokyo 113-0033, Japan

Triplet superconductivity in SrpRuQ, is investigated with main interest on the internal
degree of freedom. The internal degree of freedom is an attractive character of the triplet
superconductivity since various states are degenerate without spin-orbit coupling. The coop-
eration of the phenomenological theory [1] and experimental results [2] has concluded that the
superconducting state in Sr;RuQy is characterized as d(k) = (kx +iky)2 where d is the D-vector.
We perform a microscopic calculation to investigate how this state is realized by the spin-orbit
coupling, and discuss the essential condition for it.

The starting model is the three band Hubbard Hamiltonian which represent 4dyy, 4dx, and
4d,, orbitals in Ru ions. The on-site interaction including the intra-band coulomb U, inter-band
coulomb U’, Hund coupling Jy and pair hopping J terms is taken into account. The effective
interaction which gives an unconventional superconductivity is calculated by the perturbative
method. The superconducting transition temperature is determined by solving the linearized
Eliashberg equation. It is shown that the triplet superconductivity is obtained in sufficiently
weak coupling region which justifies the perturbative method. The momentum dependence is
p-wave, which is consistent with the result on the single band model [3]. An important result
is that the orbital dependent superconductivity predicted by Agterberg et al. [4] robustly
appears. Then, the superconducting transition is almost determined by one main band. The
sixfold degeneracy is maintained unless the spin-orbit interaction is taken into account.

The effects of the spin-orbit interaction are classified into two kinds. One is the effect on
the effective interaction. The other is the formation of new quasi-particles. We take both
effects into account within the second order about the spin-orbit coupling. We find that this
systematic treatment is necessary to obtain the correct results. It is shown that the cooperation
between the spin-orbit interaction and the Hund coupling violate the SU(2) symmetry in the
spin space, and determine the D-vector in the superconducting state. We investigate also the
case of f-wave superconductivity by assuming the separable interaction in a main band.

The obtained results are summarized in Table 1. One of the main conclusion is that the
D-vector along Z direction is obtained when the p-wave superconductivity occurs on the v-band.
Namely, the consistent result with experiments is microscopically derived in this case. On the
other hand, inconsistent results are obtained in the other cases. These results gives a restriction
on the microscopic mechanism of the triplet superconductivity.

Table 1: Obtained superconducting state for each symmetry and main band.

v-band o-, #-band

p-wave (kx L iky)2 kyZ £ kxy

p-wave (with node) none kyZ + kg
f-wave (B2 — E2)(kyt £ kyg)) | (K2 — k) (ke £ ky0)

[1] M. Sigrist et al.: Physica C 317-318 (1999) 134.

[2] G. M. Luke et al.: Nature 374 (1998) 558; K. Ishida et al: Nature 376 (1998) 658.
[3] T. Nomura and K. Yamada: J. Phys. Soc. Jpn. 69 (2000) 3678.

[4] D. F. Agterberg, T. M. Rice and M. Sigrist: Phys. Rev. Lett. 78 (1997) 3374.
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7. Orbital Ordering in Manganites and Ruthenates
Takashi Hotta

Advanced Science Research Center
Japan Atomic Energy Research Institute
Tokai, Ibaraki 319-1195

Recently it has been recognized that the orbital degree of freedom plays a crucial role
in 3d and 4d transition metal oxides. Especially in manganites, orbital ordering has been
considered as one of the key issues to understand the colossal magnetoresistance
phenomenon beyond the standard double-exchange (DE) mechanism. Based on the DE
model tightly coupled to Jahn-Teller phonons, the unexpected presence of stripes has
been recently observed in the ferromagnetic phase [1]. These (diagonal) stripes are
induced by the orbital degree of freedom, which forms a staggered x=0 pattern in the
background between stripes. A zn-shift in the orbital order across stripes is identified,
analogous to the -shift in spin order across stripes in cuprates.

On the other hand, the layered ruthenate Sr,RuQO, is known as a ftriplet
superconductor, but when Sr is partially substituted by Ca, superconductivity is rapidly
destroyed and a paramagnetic metallic phase appears. Upon further substitution, the
system transforms into an antiferromagnetic insulator. The key role of the orbital degree
of freedom to understand the magnetic properties of layered ruthenates is here discussed.
In the G-type antiferromagnetic phase of Ca;RuQ,, recent X-ray experiments reported
" the presence of 0.5 hole per site in the dyy orbital, while the d,, and d orbitals contain
1.5 holes. This unexpected t,, hole distribution is explained by a novel state with orbital
ordering, stabilized by a combination of Coulomb interactions and lattice distortions [2].
In addition, the rich phase diagram presented here suggests the possibility of large
magnetoresistance effects, and predicts a new ferromagnetic orbital-ordered phase in
ruthenates.

[1] T. Hotta, A. Feiguin, and E. Dagotto, Phys. Rev. Lett. 86, 4922 (2001).
[2] T. Hotta and E. Dagotto, Phys. Rev. Lett. 88, 017201 (2002).
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8. Transfer Matrix Renormalization Group Method and its applications
Xiaoqun Wang

Institute of Theoretical Physics, Chinese Academy of Sciences
P.O. Box 2735, Beijing 100080, PR. China

I will present a review on transfer matrix formulation for density matrix renormalization
group method. A brief introduction on density matrix renormalization group method is
given with its key ideas and prospects. Its extension to the transfer matrix representation
for quasi-one dimensional quantum systems is shown and a few of interesting
applications are illustrated.
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9. DMRG study of 2D electrons in magﬁetic field

Naokazu Shibata
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The electrons in two-dimensional systems are confined to the lowest Landau level under a high
perpendicular magnetic field. In this limit, Laughlin proposed Jastrow-type ground state wave
function at filling factors ¥ = 1/q (¢ is an odd integer). This wave function is an exact zero-
energy eigenstates of short-ranged repulsive interactions, and describes an incompressible liquid
with an excitation gap, which explains fractional quantizations.

In weak magnetic fields, electrons occupy higher Landau levels. Since the filled Landau levels
are inert, it will be a good approximation to consider only the partially occupied Landau level.
Then naively we may think that the electrons in the partially filled level behave similarly to
those in the partially filled lowest Landau level. However, this is not correct. The wave function
in the higher Landau levels extends over a space with oscillations, and the interaction between
them is more long-ranged. Therefore, the Laughlin state, that is the ground state for short-range
interaction, ceases to be the good candidate for the ground state in the higher Landau levels,
and the fractional quantum Hall state becomes unstable.

In the present study, we apply the density matrix renormalization group (DMRG) method to
quantum hall systems, and calculate ground state wave function in high Landau levels (index
N=1,2,3). The obtained ground state electron-electron pair correlation functions show that
various CDW states called stripe-phase, bubble-phase, and Wigner crystal are realized depending
on the magnetic field. The boundary between the stripe and the bubble phases and that for the
bubble phase and Wigner crystal are determined and each transitions are shown to be of first
order[1].

References

[1] N. Shibata and D. Yoshioka: Phys. Rev. Lett. 86, 5755, (2001).
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10. Fermi surface nesting in the filled skutterudite compounds

Hisatomo HARIMA
ISIR, Osaka University, Ibaraki, Osaka 567-0047

The filled skutterudite with a general formula RT,X,, (R = Rare earth, Th or U; T'=Fe, Ru or
Os; X =P, As or Sb) crystallizes in a unique BCC structure of a space group Im3 (T, L, #204).
The compounds have recently attracted much attention as improved thermoelectric materials
and for the variety of the electrical and magnetic properties. Among them, PrRu,P,, shows
a metal-insulator (M-I) transition at T,; = 60 K [1] and PrFe,P,, undergoes a non-magnetic
ordering at T, = 6.5 K [2], resulting in a low carrier system, which exhibits a heavy-fermion
states in applied magnetic field [3]. The filled skutterudite compound Pr7,P,, (T = Fe/Ru)
is an uncompensated metal with Pr**, then it could not be an insulator or a semi-metal
within the same primitive unit cell. The study of Fermi surface reveals that the main Fermi
surface of LaFe,P,, is a distorted cube and the volume is almost a half of the BCC BZ with
a sharp peak in the density of states, indicating that the nesting with g = (1, 0, 0) is likely
in the skutterudite compounds. [4] In fact, structural phase transitions with g = (1, 0, 0) are
observed below Ty, and T, in PrRu,P,,[5] and PrFe,P,, [6], respectively. These experiments
show that the unit cell becomes doubled from BCC to simple lattice, then they could
be a semi-metal or an insulator, though the atomic displacements remain undetermined
experimeﬁtally.

We have performed bandstructure calculations for the doubled unit cell (34 atoms)
by using the FLAPW-LDA+U method [7] with many types of lattice distortions. Then
we have found solutions for an insulator only in PrRu,P,, with the space group Pm3 (T},
#200), in which P atoms are distorted by about 5 % of a lattice constant with ", mode [8].
The result shows that the distortion coupled with anti-quadrupolar ordering of Pr 4f ? states,
which is discussed with T displacements [9], is not necessary for the M-I transition of
PrRu,P,,. The M-I transition is caused by the perfect 3 dimensional nesting of the Fermi
surface consisting of the P,, molecular orbital with the symmetry xyz, which is the only one
Fermi surface in the mother structure of PrRu,P,, [10].

[1] C. Sekine et al.: Phys. Rev. Lett. 79 (1997) 3218.

[2] H. Sato et al.: Phys. Rev. B 62 (2000) 15125.

[3] H. Sugawara ef al.: J. Magn. Magn. Mater. 226-230 (2001) 48.

[4] H. Sugawara et al.: J. Phys. Soc. Jpn. 69 (2000) 2938.

[5] C.H. Lee et al.: J. Phys.: Condens. Matter 13 (2001) L45.

[6] K. Iwasa et al.: Physica B in press (Proceedings of SCES2001, Ann Arbor).

[7] H. Harima: J. Magn. Magn. Mater. 226-230 (2001) 83.

[8] S.H. Curnoe et al.: J. Phys. Chem. Solid in press (Proceedings of ISSP-Kashiwa2001, Kashiwa).
[9] S.H. Curnoe et al.: Physica B in press (Proceedings of SCES2001, Ann Arbor), H. Harima ez al.:
J Phys. Soc. Jpn Supplement in press (Proceedings of ORBITAL2001, Sendai).

[10] H. Harima and K. Takegahara: Physica B in press (Proceedings of SCES2001,Ann Arbor).
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11. Fermi surface of magnetic uranium compounds in
relativistic spin-polarized band theory

Hiroshi Yamagami
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In uranium compounds the 5f electrons of the uranium atom show a tendency to
overlap the valence electrons of the surrounding atoms. The hybridized 5 f-band structure
appears around the Fermi level, thus forming the 5f-rich Fermi surfaces. The de Haas-van
Alphen (dHvA) measurements clarify the topology of the Fermi surface as well as the
effective cyclotron mass. In the magnets the 5f electrons, occupied below the Fermi level,
are obviously sources of magnetism and the value of magnetic moment at the uranium site
is measured from the neutron scattering experiment. An essential point to study the 5f
electrons of magnetic uranium compounds with a band theory is how we obtain a unified
understanding of 5f bands just at the Fermi level and the spin-polarized 5f states below
the Fermi level.

As well-known the 5f states are strongly affected by relativistic effects. For the spin-
ordered systems an internal magnetic field couples two 5 f-electron states due to the spin-
orbit splitting in the relativistic spin-density-functional theory (RSDFT) [1]. The coupling
yields an anomalous Zeeman effect for the magnetic properties [2]. For the magnetic ura-
nium compounds the local orbital moment thus produced is larger than the spin moment
in magnitude while their moments are in opposite directions according to the third Hund’s
rule.

As a relativistic spin-polarized band theory including such the coupling an all-electron
relativistic spin-polarized LAPW (RSPLAPW) method [3] is used to obtain a self-consistent
band structure of some interesting magnetic uranium compounds. The RSPLAPW method
is based on the spin-polarized coupled Dirac equation derived from the RSDFT. The mag-
netic configurations are considered by an application of a noncollinear technique [4]. The
spin polarization effect is incorporated by the exchange-correlation potentials in a local
density approximation [5]. The densities and potentials are constructed in the muffin-tin
approximation.

The band structure, density of states, Fermi surface and the magnetic moments of
the magnetic uranium compounds (UPdAlz, USby, UAsy, UGey, UNiGas, UPtGas etc.
) obtained from the RSPLAPW band calculations are reviewed in a standpoint of the
5f itinerant magnetism together with the comparison of the experimental data from the
photoemission, specific heat, dHvA and neutron scattering measurements.
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Exchange and Correlation Energy Functional
M. Higuchi
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According to the density functional theory, the ground-state electronic properties of the system
can be uniquely determined by the electron density which is given by solving the so-called
Kohn-Sham (KS) single-particle equation. The exchange-correlation energy functional involved
in the KS equation plays a substantial role on the accuracy of the electronic structures. It is
usually treated within the local-density approximation (LDA). The LDA has been successful in
describing the ground-states of many systems beyond one’s expectations, while some outstanding
problems remain unsolved actually. The electronic structure of the strongly-correlated electron
system is a typical example of these problems. Originally, the exchange and correlation energies
have to be calculated by using single-particle orbitals and spectra explicitly. On the basis of this
conception, Gross and co-workers have developed the optimized effective potential (OEP)
method as a sophisticated scheme beyond the LDA. [1]

We have recently proposed a new expression for the explicitly orbital-dependent correlation
energy functional along the OEP method.[2] It is analogous to the second-order perturbation
terms where one of the Coulomb potentials is replaced with the effective potential which includes
the long-, intermediate- and short-range correlations. The knowledge of the effective potential
is borrowed from the homogeneous electron liquid. The validity of the effective potential is
confirmed by the physically sound behaviors of the coupling-constant-averaged pair correlation
function and static form factor and by the reproducibility of the correlation energy within the
accuracy of 0.7 mRyd. It is also shown that the correlation between spin-parallel electrons can
not be ignored quantitatively at the metallic densities. It implies that the magnitude of the
Coulomb hole is not negligible as compared with that of the Fermi hole. The present correlation
energy functional encourages the hybridization between the different types of orbitals in the
vicinity of the Fermi level to acquire energy gains of the electron correlations.

[1] T. Grabo, T. Kreibich, S. Kurth and E. K. U. Gross, in Strong Coulomb Correlations in
Electronic Structure: Beyond the Local Density Approximation, ed. by V. I Anisimov
(Gordon & Breach, Tokyo, 1998) Chap.4, 203.

[2] H. Yasuhara and M. Higuchi, Phys. Rev. B 64, 233108 (2001).
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13. Electronic structure and the Fermi surface of UFeGas
T. Maehira, M. Higuchi', A. Hasegawa®
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UFeGas with the HoCoGas-type tetragonal crystal structure belongs to the Pauli-paramagnetic heavy
electron materials. The low-temperature electronic specific heat coefficient is observed that 7y exp=
40mJ/K*mol[1]. In this paper the energy band structure and the Fermi surface for UFeGas are
calculated by the relativistic linear augmented-plane-wave method. The exchange and correlation
interactions are treated within the local density approximation (LDA). The spatial shape of the
one-electron potential is determined in the muffin-tin approximation. The self-consistent calculation is
performed on the assumption that the 5f electrons in UFeGas are itinerant.

The energy band structure calculated is shown in Fig. 1. The Fermi energy Er is located at
0.4558Ryd. Narrow bands, which lie just above Er and are split into two subbands by the spin-orbit
interaction, are identified as the U 5f bands. A UFeGay, :
hybridization between the U 5f state and Ga 4p state 1.0 7 A

occurs in the vicinity of Eg. The calculated electronic
specific-heat coefficient < pang i1s 19.6 mJ/K? mol.
This theoretical value is about the half of the

experimental value v ¢xp. The disagreement between 0.5 S \@ 2 i
¥ band a0 ¥ oxp should be ascribed to the effect of the & <

electron correlation which the LDA scheme fails to ?

take into account. The enhancement factor for the & %

electronic specific-heat coefficient, defined by A=
0.0

Y < >‘MJ—W 142 <

Y exp /¥ band -1, is 1.04. This magnitude of A is the

£ 2 N2RK
NN/

smallest among the heavy fermion uranium

7SNt

SN

\/
M\ /N
\

]

compounds. UFeGas has the odd number of
electrons per primitive cell, and therefore becomes

the uncompensated metal where the numbers of 0.5 r M XTZ AR Z XR MA
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equal to each other. The 14th and 15th bands are  Fig. 1: Energy band structure calculated for UFeGas.
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Ex shows the Fermi energy.

quite similar to those of Celrlns.
The origins of the de Haas-van Alphen frequency branches have been clarified satisfactorily well by
our theoretical fermi surface model[2].
[1] K. Okuda and S. Noguchi: in Physical Properties of Actinide and Rare Earth Compounds JIAP Series 8, edited by T.
Kasuya et al. (1993)32.
[2] Y. Tokiwa et al.: J. Phys. Soc. Jpn 70(2001)2982.
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14. NMR Studies of magnetism and uncenventional superconductivity in CeMIn;
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We report the novel interplay between the magnetism and the superconductivity in CeMIns that
forms in a tetragonal structure, focusing on spin dynamics probed by In-NQR measurement via the
nuclear spin lattice relaxation rate ( 1/T ; ). At the normal state of CelrIns (7.=0.4 K) and CeColns (7=
2.1 K), I/T; is strongly T-dependent, which indicates that both are much more itinerant than known
Ce-based heavy-fermion superconductors. We find that 1/T,T follows a 1/(T+)* variation with the
respective 6=8 and 0.5 K. This novel feature points to anisotropic, due to a layered crystal structure, spin
fluctuations near a magnetic ordering [1,2]. Remarkably, as the system approaches the magnetic critical
point at =0, A T, seems to be more enhanced up to 2.1 K for CeColns rather than for Celrlns. In the
superconducting (SC) state, 1/T; follows a 7° variation without the coherence peak, suggesting
unconventional superconductivity with the line-node gap.

In the itinerant helical magnet CeRhIns, we found that the N'eel temperature 7y is reduced at P >1.23
GPa with an emergent pseudogap behavior [3,4]. The coexistence of the magnetism and the
superconductivity is found in a narrow P range of 1.63—1.75 GPa [5], followed by the onset of SC
state with the line-node gap at pressures exceeding a value of P ~ 2.1 GPa [3,6]. By contrast, in Celnz
that forms in a cubic structure, the localized magnetic character is robust against the application of
pressure up to P ~ 1.9 GPa, beyond which the system evolves into an itinerant regime in which the
resistive SC phase emerges [4]. We discuss the relationship between the phase diagram and the magnetic
fluctuations.

The works presented were done in collaboration with Y. Kawasaki, T. Mito, S. Kawasaki, G.-q. Zheng,
D. Aoki, Y. Haga, R. Settai, Y. Onuki.
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15. Spin Fluctuation Induced Superconductivity
Controlled by Orbital Fluctuation
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Since the discovery of superconductivity in CeCusSi,, intensive investigations have been
made to clarify the mechanism of heavy-fermion superconductivity. Especially, due to the
experimental results for recently discovered Ce-based heavy fermion superconductors CeTlIng
(T=Rh, Ir, and Co), much more attentions have been focussed on unconventional superconduc-
tivity in f-electron systems. From the theoretical viewpoint, the phenomenological approach
has been mainly developed due to the complexity of f-electron systems. Thus, it is important
to address superconductivity microscopically based on a simple model Hamiltonian.

In order to describe the band structure of quasi-particles around the Fermi level, first the
tight-binding model is constructed by considering only the f-electron hopping between neigh-
boring Ce ions. Note that due to the large spin-orbit coupling, it should be enough to take into
account only the sextuplet of j=5/2, where j is the magnitude of the total angular momentum.
Since I's states is expected to be lower than I'; by taking into account the arrangement of anions
surrounding Ce ion of CeTlIng, it will be minimal to address the I's states only in order to inves-
tigate the low temperature physics. By further adding the on-site Coulomb interaction between
f-electrons and the tetragonal CEF term, a new simple Hamiltonian is proposed to investigate
properties of heavy fermion systems at low temperateres. Based on this Hamiltonian, we study
the superconducting transition for respective irreducible representation within RPA. When the
tetragonal CEF splitting € is small, cancellation between spin and orbital fluctuations desta-
bilizes d,2_,2-wave superconductivity. With increasing the tetragonal CEF energy splitting,
dy2_2-wave superconductivity mediated by antiferromagnetic spin fluctuations emerges out of
the suppression of orbital fluctuations. We argue that the present scenario can be applied to
recently discovered superconductors CeTlIns.
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Figure 1: (a) Maximum eigenvalue vs. ¢ for the respective irreducible representation at
U=U'=2.5 where ¢ denotes the tetragonal CEF splitting energy betweén I's-states. (b)
Schematic plot ¢/a vs. € to illustrate a comparison between our theory and actual CeTlng
compounds where ¢/a is the ratio between lattice constants.
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16. Superconductivity in CeMIns and Related Compounds

J. D. Thompson, W. Bao, A. Bianchi, F. Bouquet’, N. Curro, R. A. Fisher’, Z. Fisk, R.
Goodrich', D. Hall}, A. Llobet-Megias, L. Morales, N. Moreno-Salazar, R. Movshovich,
T. Murphyi, M. Nicklas, P. G. Pagliuso, N. E. Phillips¥, J. L. Sarrao, V. Sidorov

Los Alamos National Laboratory; *U. C. Berkeley; "Louisiana State University; INHMFL,
Florida State University

Members of the CeMIns family are unconventional heavy-fermion superconductors at
atmospheric pressure (M=Co and Ir) or at modest pressures (M=Rh). Their layered
crystal structure and anisotropy in their electronic and magnetic properties appear to play
a role in producing relatively high superconducting transition temperatures, which for
M=Co and Rh exceed 2K. Each member presents some unusual property associated with
superconductivity: the pressure-induced transition from antiferromagnetic to
superconducting states in CeRhIns is weakly first-order; superconductivity in CeColns
appears to develop in proximity to a quantum-critical point, and under some
circumstances, the field-induced normal/superconducting transition is first order; and the
transition to a zero-resistance state in Celrlns occurs at a temperature three times higher
than the bulk superconducting transition. Relationships between these properties are
beginning to emerge from alloying and high pressure studies. Ce;RhIng and Ce;lrlng are
two-layer variants of the single-layer 115 members. Like CeRhIns, Ce,RhIng also is an
antiferromagnet at atmospheric pressure and becomes a bulk superconductor with applied
pressure. As will be discussed, in some respects Ce,RhIng appears to be a dimensional
hybrid of CeRhlIns and the infinite layer member Celns.

Analogies between these Ce-based materials and the cuprates suggests that an approach
to raising the superconducting transition temperature is to increase the characteristic spin-
fluctuation temperature, as might be accomplished, for instance, by replacing Ce with a
3d- or 5f-electron element. Initial exploration shows that single-crystal PuCoGas is a bulk
superconductor below 18.5 K, nearly an order of magnitude higher T, than in the Ce
compounds. Further experiments will be required to determine if the superconductivity is
unconventional and if PuCoGas is a heavy-fermion system.
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17. Superconducting Gap Structure of
Heavy-Fermion superconductor CeColn;

Koichi Izawa, Hidemasa Yamaguchi, Yuji Matsuda,
Hiroaki Shishido!, Rikio Settai’ and Yoshichika Onuki'
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The superconducting gap structure, especially the direction of the nodes, is an un-
solved issue in most of unconventional superconductors. Since the superconducting gap
structure is closely related with the pairing interaction, its determination is crucial for
understanding the mechanism of superconductivity. Recently it is pointd out that the
thermal conductivity is a powerful tool for probing the gap structure. Here, to clarify the
gap structure of heavy-fermion superconductor CeColns, the in-plane thermal conductiv-
ity has been measured in magnetic field H rotating within the 2D superconducting plane.
As shown in fig.1, clear twofold and fourfold terms are found in the angular dependence
of the thermal conductivity (6, H), where § = (H,q) and g is thermal current. The
twofold term which has a minimum at H_ 1 g appears as a result of the difference of the
effective DOS for the quasiparticles traveling parallel to the vortex and for those moving
in the perpendicular direction. On the other hand, the fourfold symmtery which is char-
acteristic of a superconducting gap with nodes along the (4, £)-directions is resolved.
This result shows that the symmetry of CeColns most likely belongs to dy2_,2(fig.2), im- .
plying that the anisotropic antiferromagnetic fluctuation plays an important role for the
superconductivity. CeColng is the second example after high-7; cuprates, in which nodal
structure in the plane is successfully specified.

Thermal conductivity measurement also reveals a first order phase transition (FOPT)
at H.. We also discuss this FOPT.
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18. Low Temperature Magnetization of CeTIns (T=Co,Ir)

Takashi Tayamaz, Akira Haritas, Toshiro Sakakibaraa, Yoshinori Haga?,
Hiroaki Shishidos, Rikio Settaic, and Yoshichika Onukic
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bAdvanced Science Research Center, Japan Atomic Energy Research Institute, Tokai,
Ibharaki 319-1195

cGraduate School of Science, Osaka University, Toyonaka, Osaka 660-0043

We report dc magnetization results on the newly discovered heavy-fermion
superconductor CeTIns (T=Co [1], Ir [2]). In CeColns (7:=2.3K), the isothermal
magnetization curve for both a- and c-directions shows a clear magnetization jump at
the upper critical field H., (H*=116 kOe, H,"=49 kOe) below Ti; ~0.7 K (=0.3 To),
suggesting a strong Pauli paramagnetic suppression in the even parity pairing. No
indication of the Fulde-Ferrell-Larkin-Ovchinikov state is found. Temperature
dependence of the magnetization M(T) in the normal state above H exhibits
non-Fermi-liquid behavior down to 150 mK, implying the existence of
antiferromagnetic fluctuations behind the unconventional superconductivity [3]. In
addition we observed an unusual peak effect for H//c in fields 5~30 kOe below 150 mK
(=0.06T;), whose anomalous temperature dependence cannot be simply explained by
ordinary mechanism. In contrast, Celrlns (7:=0.4K) show no first-order phase transition
at H,, though non-Fermi liquid behavior was observed in the M(T) curve.
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CeColng
50 mK
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[1] C. Petrovic et al., J. Phys.: Condens. Matter 13, 337 (2001).
[2] C. Petrovic et al., Europhys. Lett. 53, 354 (2001).
[3]1 K. Izawa et al., Phys. Rev. Lett. 87, 057002 (2001).
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19. Photoemission Study of CeTlIns (T=Rh, Ir)
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In the present study, the electronic structures of CeTIns (T=Rh, Ir) are investigated by the
high-resolution angle-resolved photoelectron spectroscopy (ARPES) with He-dischraged lamp, and
the resonant photoelectron spectroscopy (RESPES) with synchrotron radiations from BL23SU
SPring-8. The ARPES spectra were-measured by He II (hv=21.2e¢V), and the sample temperature
was kept at 15K. Figures show the “band dispersions” of (a)CeRhiIns and (b)Celrlns, derived from
their ARPES spectra, together with the results of the FLAPW band structure calculation, treating
the Ce 4f electrons as itinerant. The dark part in the image corresponds to peak position in the
experimental spectra, and solid and dashed lines correspond to the band dispersions by the
calculations. The comparison of these spectra with the results of the calculation suggests that
essential spectral features are well correspond to the calculated dispersion, except for the nearly flat
bands located at around Ef in the calculation, which have large contributions from Ce 4f states. The
results of the 4d-4f RESPES experiments (Av~880eV) showed that Ce 4f electrons are relatively
localized in both compounds.
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20. Analysis of éuperconductivity in SrgRuO4 on the basis of
the six-band Hubbard model

Shigeru Koikegamil2, Takashi Yanagisawa? and Yoshiyuki Yoshida'*
1Japan Science and Technology Corporation
2Nanoelectronics Research Institute, AIST Tsukuba Central 2,
Tsukuba 305-8568

In recent years, the spin-triplet superconductor SroRuQ4 has been studied
extensively in order to clarify the momentum dependence of its gap function.
Hasegawa et al. have listed the possible odd-parity states on the basis of
the group-theoretical analysis. [1] They have insisted that the effective in-
teraction between the electrons on the non-equivalent Ru sites is crucial to
stabilize the gap function with the horizontal line node. Zhitomirsky and
Rice have successfully shown that this gap function may lead to the temper-
ature dependence of the specific heat observed in experiments. (2]

Inspired by these important results, we study the quasi-two-dimensional
(Q2D) six-band Hubbard model, which can well reproduce the Fermi sur-
faces measured by de Haas van Alphen effect. [3] Furthermore, we introduce
Coulomb interactions between the electrons on the non-equivalent Ru sites.
Our model is considered as an application of Kondo’s two-band mechanism
superconductivity to the spin-triplet Cooper pairing. [4] In our model the
inter-site Hund coupling can work as the effective interaction for the spin-
triplet paring together with the band hybridization effect mediated by the
inter-layer transfers. We investigate the possibility of this mechanism by
mean-field theory and find that the spin-triplet superconductivity is more
stable than the spin-singlet one for the realistic parameters.
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We reformulate the Eliashberg’s equation for the superconduct-
ing transition within the quasi-particle description, which takes
account of the heavy electron mass. We discuss the superconduc-
tivity of Celr;Coi_.Ins by using such a renormalized formula. On
the basis of an effective two-dimensional Hubbard model which
represents the most heavy quasi-two dimensional Fermi surface
with f-character of Celr,Coi_.Ins, both normal and anomalous
self-energies are calculated up to third order with respect to the
renormalized on-site repulsion U between quasi-particles. The su-
perconducting transition temperature is obtained by solving the

Eliashberg’s equation. Reasonable transition temperatures are ob-
tained for moderately large U. It is found that the momentum and
frequency dependence of spin fluctuations given by RPA-like terms
gives rise to the d-wave pairing state, while the vertex correction
terms are important for obtaining reasonable transition tempera-
tures and for differentiating n-dependence of T;.. These obtained
results seem to explain the z-dependence of T, in Celr,Co;_,Ins

and confirm the usefulness of the perturbation theory with respect
to U . -
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A Kondo hole, depletion of a localized spin, in the Kondo lattice model describes
the substitution of a non-magnetic impurity into heavy fermion systems. To inves-
tigate properties of a Kondo hole in Kondo insulators we consider a Kondo hole
in the half-filling one-dimensional Kondo lattice model which has a spin gap and a
charge gap. To study the condition for formation of localized moments we consider
the potential € and the on-site Coulomb term U on the impurity site ng.

H = Y tywchews+J D Su-sy

{n,n'),s n#ng

+e Z cjzdscnds + UchdTCnchLdlcndl (1)
8

The ground state phase diagram is obtained by using the Lanczos method. We
can determine the ground state phase diagram of infinite system size from the alter-
nating system size dependence of the phase boundaries determined by the Lanczos
method. Impurity susceptibilities as a function of temperature are obtained by the
finite temperature density-matrix renormalization group for systems with an impu-
rity. The ground state phase diagram is consistent with the behavior of impurity
susceptibilities at low temperatures.

A remarkable feature of the ground state phase diagram in the (U, €) plane is
that there is a region where magnetic state is stable and furthermore the magnetic
state extends to the region of negative U more for smaller J. In fact, this result is
confirmed by the ¢/J perturbation from the strong coupling limit. This perturbation
result means that the magnetic state becomes stable because of hopping processes.

Concerning the nature of the magnetic momerit, various impurity susceptibilities
at low temperatures show that the magnetic moment is localized around the impurity
site but spreads into surrounding Kondo lattices more for smaller J. This trend can
be understood from the spin gap of the Kondo insulator, which becomes smalier for
smaller J. This spatial spreading of the magnetic moment is the key to understand
the extension of the magnetic region, because the spreaded magnetic moment feels
effectively weaker Coulomb repulsion or attraction which exists only on the impurity
site.
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The metallic spinel compound LiV;0, is known to show heavy fermion be-
haviors (for example, 7 ~ 350J/mol-K), but its mechanism is still unknown.
In general, a highly frustrated lattice structure of LiV,0y is expected to sup-
press any kind of long-range order (LRO). Therefore, the effects of orbital
fluctuations are one of the possible candidates to explain the formation of
the heavy-mass quasi-particle. We have examined the role of orbital fluctua-
tions in LiV,0y4, starting from the quarter-filled ¢;,-band Hubbard model on
a pyrochlore lattice.

In order to describe many-body correlations of the ¢,, electrons, we intro-
duce the 35 generators of the SU(6) group. These generators consist of the pure
spin degrees of freedom (SU(2) Pauli matrices), the pure orbital (SU(3) Gell-
Mann matrices), and the coupled modes of the two (SU(2)xSU(3) matrices).
First of all, we numerically calculated the susceptibility of the non-interacting
1oy electrons on a pyrochlore lattice with nearest neighbor hoppings. As a re-
sult, all thirty-five components of fluctuations are found to have the same order
of magnitudes. Accordingly we expect enhancement for free energy about 35/3
times larger, supposing that orbital fluctuations survive due to the suppression
of LRO by the geometrical frustration.

Next we evaluate the effect of the coulomb interactions by using the RPA
approximation. For simplicity we take the SU(6) limit of U = U’ and J = 0,
where the interactions are represented by the unique SU(6) invariant form.
Since we are primarily interested in the mass enhancement in the electronic
specific heat coefficient, we calculate the imaginary part of the susceptibility
for w <« 1 to obtain its w-linear dependence. By solving the RPA equations,
we find that only the charge fluctuations are suppressed, while the others
are enhanced with increasing U. The developments of the orbital-related 32
fluctuations lead to plenty of mass enhancement under a critical value of U.
From these facts, we conclude that the heavy fermion behaviors observed in
LiV30y4 has its origin in the frustrated lattice structure and the enhanced spin,
orbital, and coupled modes fluctuations.
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The spin-Peierls system shows multiple phenomena of spin and lattice degrees of freedom
due to a spin-phonon coupling. We investigate a one-dimensional antiferromagnetic Heisenberg
model coupled to a lattice distortion as a spin-Peierls system. Hamiltonian is given by

N N
H=JY (1+A)S; Siy1 +§ZA§,
i=1 i=1
where the distortion of the exchange coupling is assumed to be proportional to the lattice
distortion. For S = 1/2, the lattice dimerizes as A; = (—1)!§ for any value of k£ in the ground
state.

We study the case of S = 1 by a quantum Monte Carlo method [1] instead of § = 1/2.
The chain has the instability to a dimerized chain only for small values of £, unlike the case
of § = 1/2. In the ground state, the spin state is either the Haldane state or the dimer state
according to the degree of bond dimerization. The spin state is found to be the dimer state
whenever the latice distorts spontaneously due to the spin-phonon coupling. We find that the
first-order transition occurs between the uniform Haldane state and the dimerized state at a
critical value of k. Consequently, two non-magnetic states coexist in the chain. We investigate
microscopic structures of spin and lattice in the coexistent state. We obtain a soliton structure
of the domain wall between the uniform Haldane state and the dimerized state as shown in the
figure below.

When we assumed that the whole chain takes the simple dimerized configuration, A; =
(~1)*8, the bond configuration is characterized by one parameter §. In the coexistent state of
two bond configurations, however, we find an asymmetrical bond alternation A; # —A;4; in the
dimerized region. We carry out a variational calculation with respect to extended parameters
in the coexistent state and confirm that the asymmetrical configuration appears intrinsically in
the coexistent state.

bond configuration

T
[ Ne64, k=1.3, T=0.01 ]

dimerization

05 [
uniform

-05 |

[1] H. Onishi and S. Miyashita: Phys. Rev. B 64 (2001) 014405.
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The crystal and magnetic structures of 5fitinerant antiferromagnets UNiGas
and UPtGas were studied by means of neutron scattering. Figures 1 shows (4,A,4)
scan in UNiGas. We observed clear antiferromagnetic reflections at (1/2,1/2,1/2) and
(8/2,3/2,3/2). The antiferromagnetic peaks were observed at the magnetic Bragg -
points with half-integer reflection indices. This data indicate that the
antiferromagnetic propagation vector in UNiGas is [1/2,1/2,1/2]. The magnetic
moment in UNiGas was estimated to be a relatively large moment of 0.9 us/U along
the [0,0,1] direction. On the other hand, (1,0,1/2) and (1,0,3/2) magnetic reflections
were observed in UPtGas, as shown in Fig. 2. We observed antiferromagnetic
reflections at (hk,/2). These magnetic Bragg peaks clearly show that the
antiferromagnetic propagation vector Q is [0,0,1/2]. An ordered moment is 0.24 p/U
along [0,0,1] direction. The remarkable difference in magnetic structure and the
moment size is discussed in terms of the strength of the hybridization between U-5f

and Ga-4p band, controlled by the atomic position z of Ga 4i site.
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Fig.1 (h,h.h) scan in UNiGas Fig.2 (1,0,/) and (0,0,) scans in UNiGas
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26. Ga NMR/NQR study of UTGas (T = Pt, Ni)

Harukazu KatoA, Hironori Sakais, Yoshihumi TokiwaAB, Yoshichika @ukiAB,
Shinsaku Kambe?, and Russell E. WalstedtA
A Advanced Science Research Center, Ja pa}J Atomic Energy Research Institute

B Dept. of Science, Osaka University

In recent years, unconventional superconductivity has been found in CeT'Ins (T' = Co, Rh, In). In this context,
magnetic properties of the same type of uranium compounds have attracted much interest. There is a large family
of UTGas compounds (T: Transition metal), which crystallizes in the HoCoGas-type structure shown in Fig.1. It
can be regarded as the alternating layers of UGa; and TGa,, which are stacked sequentially along the ¢ axis. There
are two crystallographically inequivalent Ga sites, namely, Ga(1) at (1/2, 1/2, 0) and Ga(2) at (1/2, 0, 2). The T
atom has only one crystallographic site.

In this family, UPtGas and UNiGa;s are Sf-itinerant antiferromagnets with Neel temperature Ty = 26 K (Pt), 86
K (Ni) and an electronic specific coefficient y = 57 mJ/mol K (Pt), 30 mJ/mol K? (Ni). Remarkably, recent.
neutron scattering experiments reveal that UPtGas and UNiGas are quite different in magnetic structure below Ty.
From the viewpoint of electronic structure, the difference in magnetic structure is somewhat surprising, since the
two compounds show almost identical Fermi surface properties in the paramagnetic state. To elucidate the
magnetism of UTGas, at first, we performed 871Ga-NMR/NQR studies for UPtGas.

From the NMR spectrum in the paramagnetic temperature region, we obtain values for the splitting parameter
vq and the asymmetry parameter v}, which characterize the electrical field gradients at the nuclear sites, for Ga(1)
and Ga(2). The hyperfine coupling constants A,f** in the paramagnetic state have also been evaluated. Figure 2
shows the zero-applied-field NMR spectrum in the antiferromangetic temperature region. The spectrum can be
satisfactorily explained as resonances of Ga(l) and Ga(2), which reflect Zeeman interaction with transferred
hyperfine fields, in addition to the electric quadrupole interaction. For Ga(2), the magnitude of the transferred
field has been evaluated from the spectrum, yielding a value for the hyperfine coupling constant A" in the
antiferromagnetic state. The estimated value of Ay is an order of magnitude larger than that of 4,f*™. This
implies the existence of a strong hyperfine interaction path through the PtGa, layer. The mechanism of the
hyperfine interaction will be discussed in terms of RKKY interactions.

T T T h T T
UPtGay I
4.2K; zero field H
= ° Ga(l)
UGa; layer § ° Ga(2)
--------- g
Zz
g
TGa, layer E :
.- - ; } e o
""""" o ° o :’ “ L4 ® o
549, )\ ju i by
UG213 layer 1 1 1 ) : !
5 1 15 20 25 30 35
© (MHz)
Fig. 1 Crystal structure of UTGa; Fig. 2 zero-applied-field NMR spectrum of UPtGag
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606-8502, JAPAN

3Division of Electronics, National Institute of Advanced Industrial Science and
Technology, Tsukuba, Ibaraki 305-8568

Recently the pyrochlore oxide Cd;RezO7 has been found to exhibit superconduc-
tivity at 1.1 K [1, 2]. The upper critical field H.y extrapolated to 0 K is estimated
to be about 0.8 T, using the resistivity measurements under applied field. The plot
of Hes vs T indicates that the Cooper pairs are composed of rather heavy quasi-
particles. The structural phase transition at 7™ ~200 K in CdzRe;O7 has been
investigated by using X-ray and electron diffraction experiments and 1'*Cd NMR
measurements. The susceptibility for Cd;ResO7 in the high temperature region
(T > 400 K> T*) obeys the Curie-Weiss law with a large and negative Weiss
temperature (O ~ —1500 K), which leads to the antiferromagnetic exchange in-
teraction with a large geometrical spin frustration. Studies of X-ray and electron
diffraction measurements suggests the tetramerization of Re below 7™, which in-
duces a nano-sized striped structure. ;From Cd NMR experiments, the decrease
of total susceptibility corresponds to the decrease of spin susceptibility below T,
and a large orbital susceptibility is observed below T™ based on the K-y plot. The
transferred hyperfine coupling constant slightly varies through 7. The spin-lattice
relaxation rate 1/T) suggests the presence of a pseudo-energy-gap. These results
suggest a pseudogap state below 7™ from the analogy of the high-T, copper oxides.
These results may be concerned with the origin of superconductivity in this system

[3]-

[1] H. Sakai, K. Yoshimura, H. Ohno, H. Kato, S. Kambe, R. E. Walstedt, T. D. Matsuda, Y.
Haga and Y. Onuki, J. Phys.:Condens. Matter 13, L785 (2001). )
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pendence of resistivity for CdzRe2O7
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