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SPECIFIC HEAT STUDY ON HEAVY-FERMIONPr COMPOUNDS WITH FILLED SKUTTERUDITESTRUCTURE�Y. Aoki, T. Namiki, T. Kanayama, S. Ohsaki, S.R. Saha,H. Sugawara, and H. SatoDepartment of Physis, Tokyo Metropolitan UniversityTokyo 192-0397, Japan(Reeived July 10, 2002)Rare 4f2-based heavy-fermion behaviors have been revealed reently inPr-based �lled skutterudites PrFe4P12 and PrOs4Sb12. Reent studies onthe thermal properties on both ompounds are reported, putting emphasison the �eld-indued ordered phase found in PrOs4Sb12.PACS numbers: 75.40.Cx, 71.27.+a, 75.30.Kz, 75.30.Mb1. IntrodutionThe 4f2 on�guration of Pr ions in intermetalli ompounds had beenonsidered to be quite stable in view of no observation of strongly orrelatedeletron behaviors until reent disovery of heavy fermion (HF) behaviors insome of Pr-based ompounds. Suh unpreedented examples are PrInAg2 [1℄and �lled skutterudites PrFe4P12 [2℄ and PrOs4Sb12 [3℄. In the latter group,not all Pr-based ompounds show suh unonventional behavior as summa-rized in Table I and at this stage it is not lear whether there is a systematitrend or not. In this artile, we report reent studies on the thermal proper-ties in the two Pr-based ompounds and disuss the nature of the HF groundstates.2. HF behavior and anomalous ordered state in PrFe4P12In PrFe4P12, HF behavior is evidened by the largely-enhaned eletronispei�-heat-oe�ient ( � 1 J/K2mol) [2℄ and ylotron masses in dHvAstudies [13℄ in applied �elds where an anomalous ordered state (ODS), ap-pearing below TQ = 6:5 K, is suppressed. Non-magneti nature of the ODS� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1145)



1146 Y. Aoki et al. TABLE IThermal properties of PrT4X12. See text for abbreviation. Roughly estimated (or �C=T at phase transitions) are given in the unit of J/K2mol.T \X P As SbFe HF  � 1 in 4 TAFQ? TQ=6.5 K [2℄ ������ Ferromagnet?Tm=5 K [4,5℄ � 1 in 3 TRu M-I transitionTMI=62 K CDW?�C=TMI = 0:2 [6, 7℄ SC T=2.4 K = 0:1 [8, 9℄ SC T=1.08 K = 0:06 [10℄Os no orderingabove 2 K [11℄ ������ HFSC T=1.8 K�C=T = 0:5 [3, 12℄has been revealed by the 141Pr-nulear spei� heat and nulear satteringstudies [14, 15℄. A possible order parameter of the ODS is an antiferro-quadrupole (AFQ) [16℄, whih ouples to the observed lattie distortion [17℄and onsequently to the expeted Fermi surfae instability [18℄. In this se-nario, a gap opening suggested from the eletrial resistivity �(T ) and Halloe�ient RH(T ) [19℄ and a �eld-indued staggered magneti omponent ob-served in neutron sattering experiments [20℄ an be naturally understood.This senario might point to a possibility that the quadrupole �utuation isessential for the HF behavior in the high �elds.We have extended our study to La-substituted system (PrxLa1�x)Fe4P12.It is found that the ODS smears out rapidly with the La doping and a newmagneti transition appears for x � 0:95 at Tm = 1 � 2 K (dependingon x), suggesting an ompetition between the quadrupole and the magnetiinterations in this ompound (reported elsewhere). Interestingly, after thesuppression of the ODS by the La doping, the HF behavior is reoveredeven in zero �eld and the  value below Tm is � 1:7 J/K2mol-Pr at x =0:85 [21℄, indiating the ompatibility between the magneti ordering andthe HF behavior.3. Field-indued ordered state in HFSC PrOs4Sb12Compelling evidene for the HF superondutivity (HFSC) in PrOs4Sb12was given by a large spei� 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 issuperimposed on a Shottky-like anomaly appearing at � 3 K, whih ouldbe interpreted as a rystalline-eletri-�eld (CEF) exitation or a stronglyenergy-dependent quasipartile exitation.In order to study the nature of the anomalous normal state, we havemeasured spei� heat in magneti �elds using a single rystal of high quality,



Spei� Heat Study on Heavy-Fermion Pr Compounds with. . . 1147whih has been ensured by an observation of the dHvA osillations [22℄. TheShottky-like anomaly was found to be drastially suppressed with inreasingmagneti �eld, i.e., the downward urvature in C(T ) disappears in 5 T orhigher [12℄, indiating that the low-lying exitation leading to the anomalyhas a magneti harater.
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Fig. 1. (a) Temperature dependenes of spei� heat C(T ) in di�erent �elds and (b)magneti �eld vs temperature phase diagram of PrOs4Sb12. Partly from Ref. [12℄.Another important �nding in our C(T ) data is a lear thermodynamialevidene for the existene of a �eld-indued ordered phase (FIOP) above4.5 T. As shown in Fig. 1 (a), a distint anomaly evidening a �eld-induedphase transition develops with inreasing �eld. The transition temperatureTx is plotted in a �0H vs T phase diagram of Fig. 1 (b). Below 8 T, dTx=dHis positive and the Ehrenfest's theorem suggests that magnetization M isenhaned in the FIOP. This behavior is atually re�eted in the �eld de-pendene of the 141Pr-nulear ontribution [12℄, whih auses the upturn inC(T ) below 0.5 K (see Fig. 1 (a)). We speulate that the order parameter isof an AFQ aompanied by a �eld-indued antiferromagneti (AF) ompo-nent, as observed in CeB6 [23℄ and TmTe [24℄, sine AF orrelations inferredfrom �(T ) ould energetially stabilize the FIOP in magneti �elds leadingto dTx=dH > 0.Bauer et al. pointed out a possibility that the HF behavior in PrOs4Sb12involves a quadrupole Kondo interation on Pr ions based on their CEFmodel, whih has a non-Kramers doublet ground state [3℄. From this viewpoint, it is essentially important to larify whether any residual entropy ishidden below 0.1 K sine, for example, a residual entropy of 1=2R ln 2 ispredited for a single-site quadrupole Kondo model [25℄. To hek this, weperformed quantitative measurements of magnetoalori e�et, whih haveworked satisfatorily to study the thermal properties of the metamagneti-



1148 Y. Aoki et al.like anomaly in CeRu2Si2 [26℄. No anomalous entropy (> 3 � 10�3R ln 2)has been deteted in �0H < 8T [12℄. We annot deny, however, a possibilitythat Pr ions in PrOs4Sb12 form a quadrupole Kondo lattie with an e�etivesinglet ground state.Determination of the order parameter of the FIOP is essential to under-stand the anomalous nature of the normal state, whih provides the bak-ground of the rare 4f2-based HFSC in PrOs4Sb12.This work is supported partly by a Grant-in-Aid for Sienti� Researhfrom the Ministry of Eduation, Siene and Culture.REFERENCES[1℄ A.Yatskar et al., Phys. Rev. Lett. 77, 3637 (1996).[2℄ Y.Aoki et al., Phys. Rev. B 65, 064446 (2002) and referenes therein.[3℄ E.D.Bauer et al., Phys. Rev. B 65, 100506(R) (2002).[4℄ M.E.Danebrok et al., J. Phys. Chem. Sol. 57, 381 (1996).[5℄ E.Bauer et al., Physia B 312-313, 840 (2002).[6℄ C.Sekine et al., Physia B 281&282, 303 (2000).[7℄ K.Matsuhira et al., Physia B 312-323, 829 (2002).[8℄ I.Shirotani et al., Phys. Rev. B56, 7866 (1997).[9℄ T.Namiki et al., in preparation.[10℄ N.Takeda, M.Ishikawa, J. Phys. So. Jpn. 69, 868 (2000).[11℄ C.Sekine et al., Phys. Rev. Lett. 79, 3218 (1997).[12℄ Y.Aoki et al., to appear in J. Phys. So. Jpn. 71, 2098 (2002).[13℄ H.Sugawara et al., J. Magn. Magn. Mater. 226�230, 48 (2001).[14℄ Y.Aoki et al., Physia B 312-313C, 823 (2002).[15℄ L.Keller et al., J. Alloy. Compd. 323-324, 516 (2001).[16℄ S.H.Curnoe et al., Physia B 312-313C, 837 (2002).[17℄ K.Iwasa et al., Physia B 312-313C, 834 (2002).[18℄ H.Harima et al., Physia B 312-313C, 843 (2002).[19℄ H.Sato et al., Phys. Rev. B62, 15125 (2000).[20℄ L.Hao et al., in this onferene.[21℄ Y.Aoki et al., J. Phys. Chem. Sol. 63, 1201 (2002).[22℄ H.Sugawara et al., in this onferene.[23℄ M.Sera et al., Phys. Rev. Lett. 86 1578 (2001).[24℄ P.Link et al., Phys. Rev. Lett. 80 4779 (1998).[25℄ For a review, D.L.Cox, A.Zawadowski, Adv. Phys. 47, 599 (1998).[26℄ Y.Aoki et al., J. Magn. Magn. Mat. 177�181, 271 (1998).


