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Rare 4f -based heavy-fermion behaviors have been revealed re ently in
Pr-based lled skutterudites PrFe P and PrOs Sb . Re ent studies on
the thermal properties on both ompounds are reported, putting emphasis
on the eld-indu ed ordered phase found in PrOs Sb .
PACS numbers: 75.40.Cx, 71.27.+a, 75.30.Kz, 75.30.Mb
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1. Introdu tion

The 4f 2 onguration of Pr ions in intermetalli ompounds had been
onsidered to be quite stable in view of no observation of strongly orrelated
ele tron behaviors until re ent dis overy of heavy fermion (HF) behaviors in
some of Pr-based ompounds. Su h unpre edented examples are PrInAg2 [1℄
and lled skutterudites PrFe4 P12 [2℄ and PrOs4 Sb12 [3℄. In the latter group,
not all Pr-based ompounds show su h un onventional behavior as summarized in Table I and at this stage it is not lear whether there is a systemati
trend or not. In this arti le, we report re ent studies on the thermal properties in the two Pr-based ompounds and dis uss the nature of the HF ground
states.
2. HF behavior and anomalous ordered state in PrFe4 P12

In PrFe4 P12 , HF behavior is eviden ed by the largely-enhan ed ele troni
spe i -heat- oe ient (  1 J/K2 mol) [2℄ and y lotron masses in dHvA
studies [13℄ in applied elds where an anomalous ordered state (ODS), appearing below TQ = 6:5 K, is suppressed. Non-magneti nature of the ODS
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TABLE I
Thermal properties of PrT X . See text for abbreviation. Roughly estimated
(or C=T at phase transitions) are given in the unit of J/K mol.
T \X
P
As
Sb
Ferromagnet?
HF  1 in 4 T
 T =5 K [4,5℄
Fe AFQ?
T =6.5 K [2℄
 1 in 3 T
M-I transition
SC T =2.4 K SC T =1.08 K
Ru T =62 K CDW?
= 0:1 [8,9℄
= 0:06 [10℄
C=T = 0:2 [6,7℄
ordering
T =1.8 K
 HFSC
Os no
above 2 K [11℄
C=T = 0:5 [3,12℄
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has been revealed by the 141 Pr-nu lear spe i heat and nu lear s attering
studies [14, 15℄. A possible order parameter of the ODS is an antiferroquadrupole (AFQ) [16℄, whi h ouples to the observed latti e distortion [17℄
and onsequently to the expe ted Fermi surfa e instability [18℄. In this s enario, a gap opening suggested from the ele tri al resistivity (T ) and Hall
oe ient RH (T ) [19℄ and a eld-indu ed staggered magneti omponent observed in neutron s attering experiments [20℄ an be naturally understood.
This s enario might point to a possibility that the quadrupole u tuation is
essential for the HF behavior in the high elds.
We have extended our study to La-substituted system (Prx La1 x )Fe4 P12 .
It is found that the ODS smears out rapidly with the La doping and a new
magneti transition appears for x  0:95 at Tm = 1  2 K (depending
on x), suggesting an ompetition between the quadrupole and the magneti
intera tions in this ompound (reported elsewhere). Interestingly, after the
suppression of the ODS by the La doping, the HF behavior is re overed
even in zero eld and the value below Tm is  1:7 J/K2 mol-Pr at x =
0:85 [21℄, indi ating the ompatibility between the magneti ordering and
the HF behavior.
3. Field-indu ed ordered state in HFSC PrOs4 Sb12

Compelling eviden e for the HF super ondu tivity (HFSC) in PrOs4 Sb12
was given by a large spe i heat jump C=T = 0:5 J/K2 mol at T =
1:85 K on a pellet of ompressed powdered single rystals [3℄. The jump is
superimposed on a S hottky-like anomaly appearing at  3 K, whi h ould
be interpreted as a rystalline-ele tri -eld (CEF) ex itation or a strongly
energy-dependent quasiparti le ex itation.
In order to study the nature of the anomalous normal state, we have
measured spe i heat in magneti elds using a single rystal of high quality,
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whi h has been ensured by an observation of the dHvA os illations [22℄. The
S hottky-like anomaly was found to be drasti ally suppressed with in reasing
magneti eld, i.e., the downward urvature in C (T ) disappears in 5 T or
higher [12℄, indi ating that the low-lying ex itation leading to the anomaly
has a magneti hara ter.
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Fig.1. (a) Temperature dependen es of spe i heat C (T ) in dierent elds and (b)
magneti eld vs temperature phase diagram of PrOs Sb . Partly from Ref. [12℄.
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Another important nding in our C (T ) data is a lear thermodynami al
eviden e for the existen e of a eld-indu ed ordered phase (FIOP) above
4.5 T. As shown in Fig. 1 (a), a distin t anomaly eviden ing a eld-indu ed
phase transition develops with in reasing eld. The transition temperature
Tx is plotted in a 0 H vs T phase diagram of Fig. 1 (b). Below 8 T, dTx =dH
is positive and the Ehrenfest's theorem suggests that magnetization M is
enhan ed in the FIOP. This behavior is a tually ree ted in the eld dependen e of the 141 Pr-nu lear ontribution [12℄, whi h auses the upturn in
C (T ) below 0.5 K (see Fig. 1 (a)). We spe ulate that the order parameter is
of an AFQ a ompanied by a eld-indu ed antiferromagneti (AF) omponent, as observed in CeB6 [23℄ and TmTe [24℄, sin e AF orrelations inferred
from (T ) ould energeti ally stabilize the FIOP in magneti elds leading
to dTx =dH > 0.
Bauer et al. pointed out a possibility that the HF behavior in PrOs4 Sb12
involves a quadrupole Kondo intera tion on Pr ions based on their CEF
model, whi h has a non-Kramers doublet ground state [3℄. From this view
point, it is essentially important to larify whether any residual entropy is
hidden below 0.1 K sin e, for example, a residual entropy of 1=2R ln2 is
predi ted for a single-site quadrupole Kondo model [25℄. To he k this, we
performed quantitative measurements of magneto alori ee t, whi h have
worked satisfa torily to study the thermal properties of the metamagneti -
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like anomaly in CeRu2 Si2 [26℄. No anomalous entropy (> 3  10 3 R ln2)
has been dete ted in 0 H < 8T [12℄. We annot deny, however, a possibility
that Pr ions in PrOs4 Sb12 form a quadrupole Kondo latti e with an ee tive
singlet ground state.
Determination of the order parameter of the FIOP is essential to understand the anomalous nature of the normal state, whi h provides the ba kground of the rare 4f 2 -based HFSC in PrOs4 Sb12 .
This work is supported partly by a Grant-in-Aid for S ienti Resear h
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