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Multipole Fluctuations and Dynamical Jahn-Teller Effects
in Filled Skutterudites

Advanced Science Research Center
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Takashi Hotta

The recent discovery of heavy fermion superconductivity in PrOs,Sh;, has triggered
intensive studies on f-electron compounds with filled-skutterudite structure. | have
investigated the mechanism of superconductivity in Pr-based filled skutterudites from a
microscopic viewpoint [1,2]. By using the numerical renormalization group (NRG)
technique, | have evaluated magnetic susceptibility of the multi-orbital Anderson model.
Then, | have found that even if the ground state is I'; singlet, magnetic fluctuations
significantly remain, when T’y triplet is the excited state with very small excitation
energy. | have envisaged a scenario that unconventional superconductivity occurs in a
limited region in which singlet and triplet states are interchanged [2].

Recently the effect of I'p3 rattling due to the off-center Pr-atom motion has been
experimentally discussed in relation to the possible mechanism of superconductivity in
Pr-based filled skutterudites. Here | point out that the problem of I'»3 rattling should be
considered as dynamical Jahn-Teller (JT) effect. In this talk, | discuss the effect of
dynamical JT phonons on multipole susceptibilities by analyzing the multi-orbital
Anderson model tightly coupled with JT phonons with the use of NRG method. |
mention a couple of issues: (i) the Kondo effect concerning orbital degree of freedom
and (ii) the potential role of orbital fluctuations enhanced by the dynamical JT effect.

[1] T. Hotta, Phys. Rev. Lett. 94, 067003 (2005).
[2] T. Hotta, J. Phys. Soc. Jpn. 74, 1275 (2005).
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Quadrupolar Phase Transitions in f Electron Systems

R. Shiina
Tokyo Metropolitan University, Tokyo 192-0397

The key aspects to understand anomalous phase transitions in f electron systems are multi-
polar moments in low-lying crystal field levels. In this talk we review recent theoretical studies
on antiferro-quadrupolar (AFQ) ordering in CeBg and PrOsySby,. Their characteristic phase
diagrams that come from (quasi-)quartet CF levels provide a good oppotunity to study orbital
degrees of freedom of f electrons.

CeBg is an ideal I'g system in which fifteen independent multipoles can be defined. Recent
studies have shown that the interplay of those multipoles is very important and that a mean-field
(MF) theory on the RKKY model is successful in solving some problems in magnetic fields. Such
an establishment of the MF picture enables us to proceed analyses on multipolar fluctuations
[1]. Here we first discuss the effect of fluctuation on the phase diagram and thermodynamic
quantities with use of the d=! expansion method. The existence of a field dependent fluctuation
in CeBg is clearly elucidated through a quantitative comparison with experiments [2,3]. We
also present theoretical results of neutron scattering spectra showing dynamical fluctuations of
multipoles. The effect of octupolar interaction and other features of the spectra are shown to
agree with available experimental results.

PrOsySbyy is characterized by a singlet-triplet (quasi-quartet) CF levels that lead to a
field-induced ordered phase (FIOP). Using a pseudo-spin representation, we clarify a hidden
symmetry of multipolar interactions and an important role of the T), symmetry [4]. We point
out that distinct features of multipolar interactions show up in the following three aspects:

(i) anisotropy in the H-T phase diagram [5].

(ii) structure of induce antiferromagnetic moment [6,7].

(iii) momentum dependence of the peak intensity in inelastic neutron scattering spectra [8].
It is shown that recent experimental results on those aspects provide the evidence of predom-
inant nonmagnetic interaction. Thus the FIOP in PrOs,Sb;s is regarded as the first example
of "field induced” AFQ ordering.
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Invariant Form of the Hyperfine Interction between Multipoles

0. Sakai. R. Shiina and H. Shiba!
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abstract

The invariant interaction form between multipoles, including the octupoles, is studied
for three types of cubic lattices: s.c., b.c.c. and f.c.c.[l]. The coupling terms can be
arranged in a form similar to the hopping matrices between LCAQ’s. By using it, order
parameters in the magnetic field are classified into groups in which they couple with each
other, and the symmetry of the antiferro-quadrupolar (AFQ) moment is analyzed through
induced antiferromagnetic moments (AFM). In this way the table for s.c. by Shiina et
al. (J. Phys. Soc. Jpn. 66 (1997) 1741) is generalized for general wave vectors of
the three lattice types. Recent experimental results of TmTe having the f.c.c. structure
are analyzed from this viewpoint. The nature of the ferromagnetic moment below the
AFM transition in the AFQ phase is also discussed. Brief comments are given also on
field-induced moments in PrFe P15 and NpOs.

The invariant form of the hyperfine interaction between multipolar moments and the
nuclear spin is derived, and applied to discuss possibilities to identify the antiferro-
octupolar (AFO) moments by NMR experiments[2]. The ordered phase of NpO is studied
in detail. Recent 7O NMR for polycrystalline samples of NpOs are discussed theoretically
from our formulation[3]. The observed feature of the splitting of 17O NMR spectrum into
a sharp line and a broad line, their intensity ratio, and the magnetic field dependence
of the shift and of the width can be consistently explained on the basis of the triple q
AFO ordering model proposed by Paixao et. al. Thus, the present theory shows that the
170 NMR spectrum gives a strong support to the model. The 4 O sites in the fcc NpOo
become inequivalent due to the secondary triple q ordering of AF-quadrupoles: one cubic
and three non-cubic sites. It turns out that the hyperfine field due to the antiferro-dipole
and AFO moments induced by the magnetic field, and the quadrupolar field at non-cubic
sites are key ingredients to understand the observed spectrum.

[1] O. Sakai, R. Shiina and H. Shiba: J. Phys. Soc. Jpn. 72 1534 (2003)

[2] O. Sakai, R. Shiina and H. Shiba: J. Phys. Soc. Jpn. 74 457 (2005)

[3] Y. Tokunaga, Y. Homma, S. Kambe, D. Aoki, H. Sakai, E. Yamamoto, A. Nakamura, Y. Shokawa,
R. E. Walstedt and H. Yasuoka: Phys. Rev. Lett. 94 137209 (2005)



PrRROV 9y TILEAL MEESDDOEBSKILIBSEER (NNR) Review
RBREXRFEHEMERHDE FHE=

Pr RAFEARA Y v TNV Z A MEEW PrMiPi2( M Fe, Ru, Os, P: P, As, Sb)DOH T,
NMR EBEOHRENH 5 DL, PrFesPro(FIRIUMGRF-FLF : Tarq ~ 6.5 K). PrRusPi2(4:
B AES © Tin~62 K). PrRusSb(BREH% : Tt ~ 1.3 K). PrOsiSbi2(EWVE T
BIRER: 1~1.8KTh o, ZNHOHFTH, KT PrFedPi2 & PrOsiSbiz (2 DWW T
TR ISR T o, S EIOFSEES T HER(E LK), B, BEERK) N D
PrOs4Sbi2 DIRALR TOFEFIZE 1/ T1 2> HIARTBEEX R, BRUA KD PrOssSbie
@ Sb-NMR |2 L 2 BEEREED T 1 o7 NAED, /IFIN[E KD PrFesPiz O
HFFEABIZOVTO NMR, SRR, BEER) D 6 Bk 4 V) 72 PrFedPre
D IUARF-FRFFE & O\m a5 1E © NMR JIE DS HR I L7,

Hx b PrFePr OEBESHICR OGN HEWETIREBICER L. TORAEEIZ OV
THFEE1T > T 7=, ZiX PrFesPi2 & PrOssSbie OEEIZ SOV T, WERKRD 5 X
WZHE S < TR R (quadrupole-Kondo) D RIREME DY, BEVVE TIRRESS RY BERE A IZ 36
SN HThH D,

% 13 PrFesPiz I DWW T P-NMR EBR ATV, 1/ TiORIENS, Pr-df EF DS
WRARO) OIRERFEEZRD T, € OFER Pr-4f EFOLIE Ce X° Yb REWVWEFLE
WTRONOTORDBENEEELIL TWD Z e bnolz, [1] EEE PrFedPis DTOR
LEE, Otsuki et allZ X258 mEFE T, BRE -HE L —HEHEOKMAES D splitting
EREETO coupling #EETH Z LIC K VEEIND, [2] Z OFERIL PrFe P2 THE
BLTWHLEWETFREZ, Praf EFLEEEFICLoTElERIIND HIHIR
TR ICE D260 THDZ L E2R LTINS, & ZANR UEH % PrOsiSbiz TfT-
THhIze 2 A, TIXEMICE R ZIRHDBODRBIRI S, BRI F ) & 130k
BIZEVBEVEFRENER L TWDLEEIOLNLD,

FTxITEBIZ, A7 T NVEA MEEWRAED 2 #EICER L, A HEY A b
EINT) L OBRERNZ, BRI 4AEEORA 7 v T F A MEE Y LaFedPis,
LaRusPi2. LaRusSbi2. LaOssSbi2 2T La-NMR %#1T7Vv>, La £® Knight-shift
EUT1 DRIEZEIT>T2, ZDFER LaOssSbi IZE W TOARIBRT 7+ L2k b L%
Z 5D 1T o« T2 OIRTFEMESC, 50K fUTIZEMEN T o — R —2 2R_T 2 b
nolo, BIEZOREREMORE, FEELFHIRTN D, ZOBEMAR L OsiSbi 2
WROENDT Y N7, BEWEFIREBEDOBELZH LN L THNET,

IO OMEIE, FHENCERE), BRICEEKRRE). FREl, T (545
KFEER) & DORFEBRTH 5,

[1] K. Ishida et al. :Phys. Rev. B 71, 024424 (2005)
[2] Otsuki, Kusunose, and Kuramoto, : cond/mat 0503665



Present Status of SR studies on filled-Skutterudite Compounds
Wataru Higemoto
Advanced Science Research Center, Japan Atomic Energy Research Institute, Tokai,
Tharaki 319-1195, Japan

The discovery of the superconductivity in heavy fermion filled-skutterudite compound
PrOs,Sbyy attracted much attention due to the novel properties. One of central issues for
this compound is the symmetry of the superconducting order parameter. To clarify the
paring symmetry we carried out muon spin relaxation and rotation(uSR) measurements.

In the precise zero-field uSR in PrOs;Sbyy, the weak spontaneous internal magnetic
field was observed below superconducting transition temperature,T,.. This result provides
unambiguous evidence of the time reversal symmetry breaking (TRSB) superconductiv-
ity[1]. Recently, we pay an attention to the substitution effect of Pr or Os. Since BCS
superconductivity is realized in LaOssSbiy or PrRuySbqs, it is interesting that how the
superconductivity change from unconventional to conventional by the substitution. As a
result, we observed that the spontaneous field is gradually reduced by substituting the Pr
to La (Pry_,La,;OssSb12)[2], indicating 4 f-electron plays an essential role for the TRSB
superconductivity in PrOs,;Sbis. More drastic change was seen in the recent ZF-uSR in
Pr(Os;_,Ru,)4Sbis in which TRSB superconductivity is collapsed by only 10% substi-
tution of Os to Ru. These results suggest that the TRSB superconductivity is rather
sencitive to the CEF excited level.

The preservation of local spin susceptibility in the SC phase of PrOs,Sby, is observed
from the muon Knight shift measurement. The muon Knight shift experiment was carried
out by using single crystalline sample. In case of uSR, since muon is I=1/2, we can
detect Knight shift without any obstruction from vg. This is an advantage of uSR over
NMR. In the magnetic field applied to the [100] direction, muon Knight shift was clearly
observed below 200 K. In the normal phase, Muon Knight shift is temperature dependent
and well scaled to bulk susceptibility. At low temperature, no reduction is observed
in the muon Knight shift passing through 7.. This result is in contrast with a spin-
singlet superconductor and strongly suggesting that the spin-triplet SC is realized in
PI‘OS4Sb12 [3]

We also presented the ZF-pSR in SmRusPip. In SmRuyPis, two phase transitions
are observed at 16.5 K and 14.0 K at ZF, and the nature of the phase transitions are
still not clear. Especially, possibility of octapole ordering is recently suggested in the
intermediated phase (II). In our measurement, the appearance of the internal field was
observed below 16.5 K(phase II) even in ZF. This result is consistent with the scenario of
octapole ordering in phase II and further study is going on.

wSR works are performed with following collaborators, Profs. Y.Aoki, H.Sato, Ms.
Y.Tsunashima, Mr. M.Sanada, H.Kikuchi(TMU) Prof. H.Sugawara(Tokushima) Drs.
R.H.Heffner, K.Ohishi, T.Fujimoto, Mr. T.Ito, (JAERI-ASRC), Prof. R.Kadono, Drs.
A Koda, S.R.Saha (KEK-MSL) Prof. D.E.MacLaughlin, Ms. Lei Shu (UCR), K.Ishida
(Kyoto), Prof. B.Maple(UCS), Dr. E.Matsuoka. Mr.K.Hayashi, Prof. T.Takabatake(Hiroshima).
[1]Y.Aoki et al., Phys. Rev. Lett. 91, 067003(2003).

[2]Y.Aoki et al., Physica B 359-361C, 895-897(2005).
[3]W.Higemoto et al., Submitted.



Theory for Superconducting Symmetry in PrOs,Sb,

M. Matsumoto, M. Koga!, H. Shiba? and O. Sakai®
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Department of Physics, Faculty of Education, Shizuoka University, Shizuoka 422-8529
“The Institute of Pure and Applied Physics, 2-31-22 Yushima, Tokyo 113-0034
“Department of Physics, Tokyo Metropolitan University, 1-1 Minami-Ohsawa, Tokyo 192-0397

We study a mechanism of exciton-mediated superconductivity to describe the superconducting
state in the skutterudite PrOs4Sbiy [1, 2]. The conduction electrons couple both magnetically and
nonmagnetically with the Pr f? state. The Pr lowest-lying state consists of T'; singlet ground and
Ff) triplet excited states in a T} crystal field. The effective exchange interaction between the
conduction electrons and the Pr pseudo-quartet state gives rise to crystal-field excitations. The
details of exchange process are concerned deeply with a, and ¢, components of the conduction
electrons corresponding to the molecular orbital symmetries of a Shy; cage including a Pr ion
at the center. The crystal-filed excitation (exciton) is dispersive due to intersite interactions
between the Pr pairs in the bece lattice. By the second-order perturbation in the exchange coupling,
Cooper pairing interactions are derived both for singlet and triplet superconductivity. First, they
are classified into cubic point-group (Oy) bases. Second, the gap functions in the different O
representations are combined by effects of the T}, symmetry, deviating from O,. Within a weak
coupling theory, the solved gap functions reflect the T} point-group, so that they do not have
fourfold symmetric structure. We propose a nonunitary triplet state with twofold symmetry which
meets the gap structure of the lower magnetic field phase of the PrOs;Shi; superconductivity. We
also find that the triplet superconducting state can be stabilized against the singlet in a range of

the T} crystal-field parameter.
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Possible Evidence for Nodes in the Gap Function of Superconductor
PI’OS48b12

M. Nishiyama 1, T. Kato !, H. Sugawara 2, D. Kikuchi 3, H. Sato 3, H. Harima 4,
and G.—g. Zheng!

1 Department of Physics, Okayama University, Okayama, 700-8530, Japan

2 Department of Mathematical and Natural Sciences, Faculty of Integrated Arts and
Sciences, The University of Tokushima, Tokushima, 770-8502, Japan

3 Department of Physics, Graduate School of Science, Tokyo Metropolitan University,
Hachioji, 192-0397, Japan

4 Department of Physics, Kobe University, Kobe, 657-8501, Japan

We have carried out nuclear quadrupole resonance (NQR) measurements in the
filled-skutterudite compounds Pr(Osi1xRux)sSbiz (x=0.1, 0.2), in order to gain insights
into the symmetry of the superconducting gap function. Upon replacing Os with Ru,

the spin-lattice relaxation rate 1/T1 becomes proportional to temperature (T) at low T
far below Tc, and the magnitude of (1/T1T)w-7 increases with increasing Ru content
(Fig. 1). These results indicate that a finite density of states is induced at the Fermi
level by the impurity (Fig. 2), and thus suggest that there exist nodes in the gap

function of PrOs4Sb1z.
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121,1238Hh-NQR. probes of superconducting characteristics on (Pr;_,La,)Os,;Sbi,

M. Yogi®*, Y. Imamura!, T. Nagai!, H. Mukuda!, Y. Kitaoka!, D. Kikuchi®, H. Sugawara®
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We report on superconducting (SC) characteristics for (Pr;_,La,)OssSbiy (x = 0.05, 0.2,
0.6, 0.8) via the measurement of nuclear spin-lattice relaxation rate 1/77. Our previous work
has revealed that the 1/7} in PrOssSby, shows neither a coherence peak just below T, = 1.85
K nor a T? like behavior that used to be observed for unconventional heavy-fermion (HF) su-
perconductors with the line-node gap [1]. Moreover, it has been found that the La-substitution
samples exhibit no coherence peak just below T, up to La-20 % doping. The coherence peak
in 1/T; for these samples are not observed as well and the overall relaxation behavior is not so
much different from that for the undoped sample even though the La concentration increases
much. Accordingly, the absence of the coherence peak for PrOs,Sh;s is not ascribed as due to
an anisotropic s-wave in which it should be clear up in virtue of the non-magnetic impurity
scattering. All these features observed for the La-substitution samples seem, however, to be
consistent with the case for a fully SC gap.

It should be noted that the T, for PrOs;Sby, does not decrease at all even though non-
magnetic La impurities increases up La-20 % which break up a coherency for 4f2-electron
derived HF state. This unusual impurity effect implies that the local interaction between f2
electrons and conduction ones has a key role for the unconventional SC in PrOs;Sbys. Figure
1(b) shows the temperature (7') dependencies of 1/T77T and as susceptibility using NQR coil
for x = 0.8 sample. This sample shows the clear coherence peak below T, which points to the
onset of the fully gapped s-wave SC. Here, an interesting point is that 7. ~ 1.05 K of this
sample is higher than T, = 0.74 K for LaOs;Sbis. These two compounds reveal almost same
SC gap of 2A/kgT, = 3.2 and 3.3 for z = 0.8 and LaOs;Sbys, respectively and the comparable
magnitude of 1/TT probing the density of states at the Fermi level. In this context, a reason
why the onset temperature of T, ~ 1.33 K for x = 0.8 is higher than others is considered as
due to the presence of Pr®* in the media of La atoms. It is suggested that some short-range SC
order around Pr?* ions is markedly developed as the Pr substitution for La increases, which
gives an hint for understanding the unconventional SC mechanism for PrOs,Sbs.

[1] H. Kotegawa, M. Yogi, Y. Imamura, Y. Kawasaki, G. -q. Zheng, Y. Kitaoka, S. Ohsaki, H. Sugawara,
Y. Aoki, and H. Sato, Phys. Rev. Lett. 90 (2003) 027001.
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PrEesP12DBFIRRE (3P NMR)
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NMR study on Sm-based filled skutterudite compounds

T. Mito
Department of Physics, Faculty of Science, Kobe University, Kobe 657-8501, Japan

Our group has carried out the NMR measurements on Sm-based filled skutterudite com-
pounds Sm77P12 (T'r = Fe, Ru and Os). In this paper, I report the results of our recent
3IP-NMR studies on SmRu,Pqs.

SmRuy Py shows two successive anomalies at Ty ~ 16 K and 7% ~ 14 K [1-3]. Since the
field (H) vs. temperature (T") phase diagram with respect to Ty and 7™ resembles that for
CeBg, the occurrence of the multipolar ordering has been suggested in this compound. Fig. 1
shows the T-dependence of 3'P-NMR spectra measured at H ~ 7 T. The spectrum suddenly
becomes broadened and starts to exhibit complicated structures at 16.7 K, which is associated
with the M-I transition. Tyi(H) estimated from the present work has a tendency to increase
slightly with H, which is in agreement with the previous reports [2,3]. In order to analyze the
spectra, we focus our attention on several main peaks; A’s and B denoted by dotted and solid
lines in the figure, respectively. The thin line indicated by an arrow shows the resonance field
of the Knight shift 3 K = 0 for used NMR frequency. Here we define A4(T) as the difference
of field between the two peaks A’s, and Ag(T) as the shift value of the peak B from 3 K = 0.
The T- and H-dependences of A4 and Ap are summarized as below.

1. AA(T) starts to develop just below Ty and monotonically increases with lowering T,

followed by saturated behavior below 8 K.
2. The A4(T) vs. T curve is almost independent of H.
3. Ap(T, H) is strongly dependent on H. Ag(H = 0) for T* < T' < Ty is estimated to be
zero by extrapolating to H = 0. The peak B disappears below T™.
From these results, we conclude that the static internal field occurs just below Ty even at
H = 0. Since no anomaly is observed at T, it is likely that magnetic ordering sets on at Ty,
not at 7. Simultaneously H-induced staggered field is observed in the intermediate T-region.
We are now examining possible multipolar ordering to explain the results consistently.
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Figure 1: T-dependence of 3'P-NMR. spectra measured at H ~ 7T.

[1]C. Sekine et al., Science and Technology of High Pressure, ed. M. H. Manghnant et al.,
Universityes Press, Hyderabad, India 826 (2000).

2] C. Sekine et al., Acta Phys. Pol. B 34 983 (2003).
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SIP_.NMR and ;SR Studies of Sm-based Filled Skutterudite Phosphides
SmT,Py, (T = Fe, Ru, Os)

K. Hachitani?, Y. Kohori'?, H. Amanuma', H. Fukazawa'?, I. Watanabe?, K. Kumagai*,
C. Sekine® and I. Shirotani®

!Graduate School of Science and Technology, Chiba University, Chiba 263-8522
2Advanced Meson Science Laboratory, RIKEN, Wako 351-0198

3Department of Physics, Faculty of Science, Chiba University, Chiba 263-8522

YGraduate School of Science, Hokkaido University, Sapporo 060-0810

’Dep. of Electrical and Electronic Engineering, Muroran Inst. of Tech., Muroran 050-8585

The Sm-based filled skutterudite phosphides SmT'yP15 (T' = Fe, Ru and Os) have attracted
much attention for the variety of their physical properties at low temperatures. In SmFe P,
the heavy fermion behavior and the ferromagnetic order were observed. The simple antifer-
romagnetic order was observed in SmOssP5. In the case of SmRu,P;,, the metal-insulator
transition at Ty = 16.5 K and the successive antiferromagnetic order below Ty = 15 K were
observed. Among them, SmRu4P;5 has interest since the occurrence of the antiferro-quadrupole
order was expected associated with the metal-insulator transition [3]. However, it was recently
suggested from ultrasonic measurements that the phase transition is a magnetic octupole order
[4]. The electronic states of these systems have been studied by 3'P-NMR and pSR (at the
RIKEN-RAL Muon Facility in the UK and at the PSI in Switzerland) [1,2].

In SmRuyPis, the line width of the 3'P-NMR spectrum rapidly increases below Ty but
not below Tx. The obtained NMR spectrum was different from that of the typical antiferro-
magnetic SmOs,P19, which would indicate occurrence of a complicated magnetic structure in
SmRuyPy5. The temperature dependence of the spin-lattice relaxation rate 1/7) below Ty
depends on applied magnetic field. Two anomalies were clearly observed above 70 kOe. The
ZF-puSR measurements have been performed in order to clarify whether the ordering below Ty
is magnetic or non-magnetic. Temperature dependence of both initial asymmetry and muon-
spin depolarization rate shows the appearance of a magnetically ordered state below Ty;. Muon
spin precession was observed below about 5 K. These results indicate that the ordering below
Ty is not a non-magnetic antiferro-quadrupole order but a magnetic one, which supports a
scenario that a magnetic octupole order occurs below Ty in SmRusPs.

O
[1] K. Hachitani et al., J. Magn. Magn. Mater. 272-276, 60 (2004).

[2] K. Hachitani et. al, J. Inst. Pure Appl. Phys. CS5, 37 (2004).
[3] C. Sekine et. al, Acta Physica Polonica B 34, 983 (2003).
[4] M. Yoshizawa et. al, preprint.



NMR studies in U- and Np-based compounds.

Y. Tokunaga!, D.Aoki?, Y.Homma?, T.D.Matsuda!, H.Sakai!, T.Fujimoto®, S.Kambe_l,
R.E.Walstedt!, Y. Haga!, S.Ikeda!, E.Yamamoto!, A.Nakamura!, Y.Shiokawa!?, Y. Onuki'?3,
and H. Yasuoka!

1 - ASRC, JAERI, 2-4 Shirane, Tokai, Naka, Ibaraki 319-1195
2 - IMR Tohoku University, Oarai, Ibaraki, 311-1313
3 - Graduate School of Science, Osaka University, Toyonaka, Osaka, 560-0043

In the family of filled skutterudites, the only uranium- or transuranium-based compound
successfully crystallized has been UFe;P15. There has been no other filled skutterudite which
contains 5f electrons. Results from recent *'P-NMR studies of this compound have been re-
ported in Ref.[1].

Recently, D.Aoki et al. have succeeded in growing single crystals of NpFe;Pq5 [2]. This new
filled skutterudite compound is isostructural with UFe P15, with the U replaced by Np. The
lattice constant is 7.7709 A, which is the smallest value of all the filled skutterudite compounds.
Magnetization measurements indicate the occurrence of ferromagnetic ordering with a Curie
temperature Tx = 23 K. On the other hand, the electrical resistivity shows a peculiar temper-
ature dependence with a negative dp/dT between 30 K and 150 K. In order to gain further
insight into the electronic state of this new compound, we are now planning to carry out NMR
measurements using a single crystal.

We have also initiated the first "O-NMR measurements on the multipolar ordered state
of NpO,. From the "O-NMR spectrum obtained in a powder sample, we have confirmed the
occurrence of two inequivalent oxygen sites below Tp= 26 K. It has also been shown that the
"O-NMR spectrum in the ordered state can be understood by considering an unconventional
hyperfine interaction between the 7O nuclear spins and field-induced antiferromagnetic mo-
ments arising from the longitudinal triple-q antiferro-quadrupolar order. These NMR results
give strong evidence for the occurrence of the longitudinal triple-q multipole structure in NpQOs.
We will also discuss the newest "O-NMR results obtained with a single crystal.

[1] Y.Tokunaga et al., Physical Review B 71, 045124 (2005).

[2] D.Aoki et al., AO1, AOAD D OOOODOO0OO0OOOODO0OOODOOOOOOOOOOODOOO(O
ooo).

[3] Y.Tokunaga et al. , Physical Review Letters 94, 137209 (2005).

[4] Y.Tokunaga et al. , Physica B 359-361, 1096 (2005).
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On Origin of Heaviness of Electrons in SmOs,Sb,,

Kazumasa Hattori and Kazumasa Miyake

Graduate School of Engineering Science, Osaka University

Recently, SmOs,Sh,, was reported to exhibit heavy fermion behavior at T<4K which is robust
against the magnetic field up to B=14 T [1] in marked contrast with the case of CeCug [2]. This
fact suggests that its heaviness has non-magnetic origin. One of the possible origin is off-center
motions of Sm ions in a Sb, cage coupled to the conduction (d-) electrons at Os site. Indeed,
off-center motions of ions are known to exist in metals with clathrate structure [3] and
filled-skutterudite structure [4], and are attracting much attention.

We compare the properties of a valence fluctuation compound CeNi and those of SmOs,Sb,, .
Although both systems are considered to be in a fractional valence state, CeNi shows a typical
behavior of valence fluctuation system while SmOs,Sb,, exhibits a heavy fermion behavior affected
little by the magnetic field.

We present the results of numerical renormalization group (NRG) and perturbational
renormalization group (PRG) treatments for an impurity 4-level tunneling system interacting with
the surrounding conduction electrons, a model of filled skutterudites. Especially a tunneling
system with 4 degenerate stable points of the ion interacting with spinless conduction electrons is
studied in detail. In this configuration, irreducible representations of the ion are I';" (singlet), T's"
(singlet), and I's (doublet). Those of bare energy levels are estimated as E (I';") < E (I's ) < E
(I'5") for the case of nearest-neighbor hoppings. The result of PRG shows that, at the strong coupling
fixed point, the system can be written in a language of orbital spin-1 Kondo model in which the
orbital spin components consist both of Ty and I's . Those of NRG are summarized as follows:

1) The prediction of the PRG is valid.

2) It is possible to construct the ground state wave-function including the excited ion
configurations if we consider the relatively strong interactions between the conduction electrons
and the ion.

3) The structure of the ground state wave function is a mixture of I';” and I's  of the ion forming
Kondo-Yosida singlet with the conduction electrons of s- and p- orbitals. The highest excited
level I's™ does not appear in it.

4) The resulting effective mass of the quasiparticles becomes large. This result offers a good
explanation of a large effective mass observed in SmOs,Sh;, which is robust against a magnetic
field [1].
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