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Sb-NQR probe for superconducting properties in the Pr-based filled-skutterudite compound
PrRu4Sb12
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We report the electronic and superconducting properties in the Pr-based filled-skutterudite superconductor
PrRu4Sb12 with Tc51.3 K via the measurements of nuclear-quadrupole-resonance frequencynQ and nuclear-
spin-lattice-relaxation timeT1 of Sb nuclei. The temperature dependence ofnQ has revealed the energy scheme
of Pr31 crystal electric field that is consistent with an energy separationDCEF;70 K between the ground state
and the first-excited state. In the normal state, the Korringa relation of (1/T1T)Pr5const is valid, with
@(1/T1T)Pr /(1/T1T)La#

1/2;1.44, where (1/T1T)La is for LaRu4Sb12. These results are understood in terms of
a conventional Fermi-liquid picture in which the Pr-4f 2 state derives neither magnetic nor quadrupolar degrees
of freedom at low temperatures. In the superconducting state, 1/T1 shows a distinct coherence peak just below
Tc , followed by an exponential decrease with a value of 2D/kBTc53.1. These results demonstrate that
PrRu4Sb12 is a typical weak-couplings-wave superconductor, in strong contrast with the heavy-fermion su-
perconductor PrOs4Sb12 that is in an unconventional strong coupling regime. The present study on PrRu4Sb12

highlights that the Pr-4f 2-derived nonmagnetic doublet plays a key role in the unconventional electronic and
superconducting properties in PrOs4Sb12.
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Filled-skutterudite compounds ReT4Pn12 (Re
5rare earth;T5Fe, Ru, and Os; Pn5 pnictogen! show rich
properties. PrRu4P12 and PrFe4P12 show a metal-insulato
transition and undergo an anomalous heavy-fermion~HF!
state, respectively, whereas PrRu4As12, PrRu4Sb12, and
PrOs4Sb12 exhibit a superconducting~SC! transition.1–4

Baueret al. reported that PrOs4Sb12 shows HF behavior and
superconducts atTc51.85 K. It is the first Pr-based HF
superconductor.4 Its HF state was inferred from the jump i
the specific heat atTc , the slope of the upper critical field
Hc2 nearTc , and the electronic specific-heat coefficientg
;350–500 mJ/mole K2. Magnetic susceptibility, thermody
namic measurements, and inelastic neutron-scattering ex
ments revealed the ground state of the Pr31 ions in the cubic
crystal electric field ~CEF! to be the G3 nonmagnetic
doublet.4,5 In the Pr-based compounds with theG3 ground
state, electric quadrupolar interactions play an import
role. In analogy with a quadrupolar Kondo model,6 it was
suggested that the HF-like behavior exhibited by PrOs4Sb12
may have something to do with a Pr-4f 2-derived quadrupo-
lar Kondo lattice. An interesting issue to be addressed
what role do Pr-4f 2-derived quadrupolar fluctuations play
relevance with the onset of the superconductivity in t
compound.

Meanwhile, Kotegawaet al. have reported the Sb-NQR
results that evidence the HF behavior and the unconventi
SC property in PrOs4Sb12.7 The temperatureT dependencies
of nuclear-spin-lattice-relaxation rate 1/T1 and nuclear-
quadrupole-resonance~NQR! frequency unraveled a low
lying CEF splitting belowT0;10 K, associated with the
Pr31(4 f 2)-derived ground state. The analysis ofT1 suggests
the formation of HF state below;4 K. In the SC state, 1/T1
shows neither a coherence peak just belowTc51.85 K nor a
T3-like power-law behavior observed foranisotropicHF su-
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perconductors with the line-node gap. Anisotropic energy
gap withD/kB54.8 K is suggested to open up already belo
T* ;2.3 K. It is surprising that PrOs4Sb12 looks like aniso-
tropic HF superconductor—it may indeed argue for Coop
pairing via quadrupolar fluctuations. Also, PrRu4Sb12 was
reported to undergo a SC transition atTc51.3 K from the
measurements of the electrical resistivity and specific hea
well as LaRu4Sb12 with Tc53.58 K.3 It can be informative
to compare PrRu4Sb12 with PrOs4Sb12 and the related La-
based superconductors as shown in Table I.8

The localized character of 4f electrons, namely, the close
ness of the respective Fermi surfaces with those
LaRu4Sb12 and LaOs4Sb12, has been confirmed in
PrRu4Sb12 and PrOs4Sb12 based on the de Haas–van Alphe
~dHvA! experiment.8,9 On the contrary, the mass enhanc
ment in PrRu4Sb12 is much smaller than in PrOs4Sb12. For
PrOs4Sb12, the CEF ground state was inferred to be the no
KramersG3 doublet carrying quadrupole moments, where
the ground state for PrRu4Sb12 was inferred to be theG1
singlet.3,10 Recently, however, there have been several
ports that are consistent with the CEF ground state
PrOs4Sb12 being theG1 singlet.11–13On the comparison inTc
with the La compounds, the two compounds have differ
trends; Tc for PrOs4Sb12 is higher than that for La com
pounds, which is unusual if we take into account th
PrOs4Sb12 contains the magnetic element Pr ion. These
markable differences in the underlying CEF level sche
and hence electronic and SC characteristics betw
PrOs4Sb12 and PrRu4Sb12 may be ascribed to an intimat
change in the hybridization strength of the Pr-4f state w
conduction electrons comprising respective Os4Sb12 and
Ru4Sb12 cages. In this context, it is needed that further lig
is shed on the SC and electronic characteristics in the
based superconductors.

In this paper, we report the normal and SC properties
the filled-skutterudite compound PrRu4Sb12 and LaRu4Sb12
©2003 The American Physical Society01-1
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TABLE I. Comparison of the superconducting critical temperatureTc , superconducting specific-hea
jump DC divided byTC (DC/TC), Sommerfeld coefficient and effective massmc* in ReT4Sb12 (Re5La, Pr,
T5Ru, Os! ~Ref. 8!.

PrOs4Sb12 LaOs4Sb12 PrRu4Sb12 LaRu4Sb12

TC ~K! 1.85 0.74 1.3 3.58
DC/TC(mJ/K2 mol) 500 84 110 82
Sommerfeld coefficient (mJ/K2 mol) 350–750 36, 56 59 37
mc* /m0 for g branch 7.6 2.8 1.6 1.4
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via the measurements of NQR frequencynQ and nuclear-
spin-lattice-relaxation timeT1 of Sb nuclei.

Single crystals of PrRu4Sb12 and LaRu4Sb12 were grown
by the Sb-flux method.3 The observed dHvA oscillations in
both compounds confirm the high quality of the sample9

Measurement of ac susceptibility confirmed the SC tran
tions atTc51.3 K and 3.5 K for PrRu4Sb12 and LaRu4Sb12,
respectively. The single crystal was crushed into powder
Sb-NQR measurement. The121,123Sb-NQR measurement
were performed using the conventional saturation-recov
method at zero field (H50). The NQR-T1 measurement wa
carried out using the NQR transition 2nQ at theT range of
T50.24–240 K using a3He-4He dilution refrigerator.

Figure 1~a! displays the121,123Sb-NQR spectra at 4.2 K
Sb nuclei have two isotopes,121Sb and123Sb. The respective
nuclear spinsI 55/2(121Sb) and 7/2 (123Sb) have natura
abundances 57.3% and 42.7%, and nuclear gyromagneti
tios gN510.189 and 5.5175 MHz/T, giving rise to two an
three NQR transitions, respectively. Figure 1~b! indicates the
T dependencies ofnQ(T) derived from the123Sb-2nQ tran-
sition in PrRu4Sb12 and LaRu4Sb12. The inset indicates
dnQ(T)5nQ(T)Pr2nQ(T)La , which subtracts the commo
effect due to lattice expansion in both the compounds.nQ(T)
reveals a progressive increase upon cooling belowT
;70 K, which is considered to be due to the CEF splittin
Note, as shown in Fig. 1~c!, that dnQ(T)5nQ(T)Pr
2nQ(T)La in PrOs4Sb12 was observed to be increased belo
a temperature comparable to the CEF splittingDCEF;10 K
between the ground state and the first-excited state. F
this comparison,DCEF;70 K is expected in PrRu4Sb12.
This is almost consistent with the analysis of susceptibi
and resistivity.3,10

Figure 2 presents theT dependencies of (1/T1T) for
PrRu4Sb12 and LaRu4Sb12. In the normal state,T1 reveals a
Korringa relation (1/T1T)Pr51.73 (s K)21 for PrRu4Sb12,
being comparable to (1/T1T)La51.2 (s K)21 for
LaRu4Sb12. The 1/T1T5const law deviates at temperatur
higher than;30 K in PrRu4Sb12. Since such a deviation i
seen in LaRu4Sb12 above;25 K as well, these deviation
are not derived by the presence of Pr31 ions, but may be
ascribed to a conduction-band derived effect inherent to
filled-skutterudite structure. In the filled-skutterudite stru
ture, a Pr atom forms in a body-centered-cubic structu
surrounded by a cage of corner-sharing Ru4Sb12 octahedra.
The cage might begin to stretch with increasingT. This
stretching motion of cage may be relevant to the decreas
a value of 1/T1T5const for PrRu4Sb12, LaRu4Sb12, and
18050
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LaRu4P12.14 The measurements of the dHvA effect and t
electronic specific heat for PrRu4Sb12 and LaRu4Sb12 re-
vealed that the mass-renormalization effect in the Fer
liquid state is not so significant in PrRu4Sb12, suggesting
that Pr31-4 f 2 electrons are well localized in PrRu4Sb12.

FIG. 1. ~a! 121Sb- and123Sb-NQR spectra in PrRu4Sb12. ~b! The
temperature dependence of NQR frequencynQ for PrRu4Sb12 and
LaRu4Sb12 at the 123Sb-2nQ transitions. The inset indicates the P
derived contribution innQ , dnQ5(nQ)Pr2(nQ)La . ~c! T depen-
dence of NQR frequency for PrOs4Sb12 and LaOs4Sb12 at
123Sb-2nQ transitions ~Ref. 7!. The inset indicatesdnQ5(nQ)Pr

2(nQ)La .
1-2
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Note that the value of 1/T1T is proportional to the square o
the density of statesN(EF) at the Fermi level. Also, it is
scaled to aT-linear electronic contributiong of specific heat,
giving rise to the relation of (1/T1T)1/2}g. Therefore, the
change in the value of (1/T1T)1/2 is directly related to a
change ofN(EF) in systems. Corroborated by the fact th
the value of 1/T1T in PrRu4Sb12 is not so enhanced than th
in LaRu4Sb12 with a ratio of @(1/T1T)Pr/(1/T1T)La#

1/2

51.44, we remark that the Pr13-4 f 2 electrons withG1 sin-
glet as the ground state does not play a vital role for e
tronic and magnetic properties at low temperatures
PrRu4Sb12.

In the SC state for PrRu4Sb12 and LaRu4Sb12, 1/T1 shows
a distinct coherence peak, followed by an exponential
crease belowTc with an isotropic gap 2D/kBTc53.1 and
3.6, respectively. These results demonstrate that PrRu4Sb12
and LaRu4Sb12 are typical weak-couplings-wave supercon-
ductors. In Fig. 3 are shown theT dependencies of 1/T1 for
PrRu4Sb12 and PrOs4Sb12. From the comparison in the no
mal and SC states, it is clear that remarkable differen
arise because the quadrupole degree of freedom plays a
role in PrOs4Sb12, associated with the Pr13-4 f 2 derived
non-Kramers doublet. It may indeed argue for Cooper p
ing via quadrupolar fluctuations.

To summarize, the electronic and superconducting pr
erties in the Pr-based filled-skutterudite supercondu
PrRu4Sb12 with Tc51.3 K were investigated through th
measurements of NQR frequencynQ and nuclear-spin-

FIG. 2. Temperature dependence of 1/T1T for PrRu4Sb12 and
LaRu4Sb12. Solid lines are the fits calculated based on the we
couplings-wave model assuming a size of isotropic gap 2D/kBTc

53.1 and 3.6 for PrRu4Sb12 and LaRu4Sb12, respectively.
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lattice-relaxation timeT1 of Sb nuclei. TheT dependence of
nQ has revealed the energy scheme of CEF of Pr31 ion,
which is consistent with an energy separationDCEF;70 K
between the ground state and the first-excited level. In
normal state, the Korringa relation of (1/T1T)Pr5const is
valid, revealing a comparable valu
@(1/T1T)Pr/(1/T1T)La#

1/2;1.44 with (1/T1T)La for
LaRu4Sb12. These results are understood in terms of the c
ventional Fermi-liquid picture in which the Pr-4f 2 state de-
rives neither magnetic nor quadrupolar degrees of freedom
low temperatures. In the SC state, 1/T1 shows a distinct co-
herence peak just belowTc , followed by an exponential de
crease with the value of 2D/kBTc53.1. These results dem
onstrate that PrRu4Sb12 is a typical weak-couplings-wave
superconductor, in strong contrast with the heavy-ferm
superconductor PrOs4Sb12 that is in a unconventional stron
coupling regime.7 The present study on PrRu4Sb12 highlights
that the Pr-4f 2 derived nonmagnetic doublet plays a key ro
for the unconventional electronic and superconducting pr
erties in PrOs4Sb12.
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FIG. 3. Temperature dependencies of 1/T1 for PrRu4Sb12 and
PrOs4Sb12 ~Ref. 7!. The solid line for PrRu4Sb12 is the fit based on
the weak-couplings-wave model with 2D/kBTc53.1.
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