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ANOMALOUS ORDERED STATEOF FILLED SKUTTERUDITE CeOs4Sb12�T. Namiki, Y. Aoki, H. Sugawara and H. SatoDepartment of Physis, Tokyo Metropolitan University, Tokyo 192-0397, Japan(Reeived July 10, 2002)Preliminary results of spei� heat measurement in applied magneti�elds on the �lled skutterudite CeOs4Sb12 are presented. Clear anomalyin the spei� heat data suggests the existene of an intrinsi phase transi-tion at 0.9 K, aompanied by a gap opening in moderately mass-enhanedquasipartile bands. Unusual magneti �eld e�et on the transition tem-perature, whih shifts toward higher temperatures with inreasing �eld, isrevealed.PACS numbers: 75.40.Cx, 71.27.+a, 75.30.Kz, 75.30.Mb1. IntrodutionThe �lled skutterudites, a series of ternary ompounds with the hemialformula RT4X12 (R = rare earth; T = Fe, Ru, or Os; X = P , As, or Sb)rystallizing in a BCC struture, were �rst reported by Jeitshko and Braun[1℄. Sine R atoms are surrounded by the 12 X atoms in the rystal struture,it is theoretially expeted that 4f -eletrons ould be strongly hybridizedwith p-type ondution eletrons [2℄.Atually, CeFe4X12 with X=P was reported to have a hybridization gapof � = 0:11 eV with lear semionduting behaviors [3℄. When the lattieonstant is inreased from X=P to As, � beomes smaller (0.01 eV [4℄), and�nally for X=Sb, the gap is losed exhibiting semi-metalli behaviors [5℄.Bauer et al. [6℄ reported CeOs4Sb12 to be a narrow-gap semiondutorwith � � 9 � 10�4 eV, whih was estimated from the temperature depen-dene of the eletrial resistivity �(T ) in 25 < T < 50 K. They observeda �-type anomaly at 1.1 K in zero-�eld spei� heat C(T ) data and at-tributed it to an impurity ontribution. In this paper, we report that ourpreliminary results of spei� heat measurements on CeOs4Sb12 in applied� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1161)



1162 T. Namiki et al.magneti �elds disagrees with those interpretations. Fermi-liquid like behav-ior observed in C(T ) along with the non-metalli transport property re�etsan anomalous eletroni state in this ompound.2. ExperimentalSingle rystals of CeOs4Sb12 were grown by Sb-self-�ux method. Theraw materials were 3N5 (99.95% pure)-Ce, 3N-Os, and 6N-Sb. X-ray pow-der di�ration pattern shows that the sample is almost a single phase ofCeOs4Sb12 rystallizing in the BCC �lled skutterudite struture [7℄. Al-though weak traes of an inluded Os-metal phase are visible, the maximumpeak intensity is only 1.7 % of that of the CeOs4Sb12 phase. Spei� heatwas measured using a olletion of the small single rystals by a quasiadi-abati heat pulse method desribed in Ref. [8℄ using a dilution refrigeratorequipped with a superonduting magnet.3. Results and disussionsFigure 1 shows the temperature dependene of spei� heat divided bytemperature in magneti �elds. For estimation of the phonon ontribution(Cph), we use data for LaOs4Sb12 [9℄. Cph(T ), whih is shown in Fig. 1,an be desribed as 9:80� 10�4T 3+7:19� 10�5T 5� 3:89� 10�7T 7 J/Kmolfor T � 8 K. Negligibly small ontribution of Cph=T at low temperaturessuggest that the anomaly appearing below 3 K is of eletroni origin. Anupturn below 0.3 K developing with magneti �eld is due to nulear Shottkyontribution (CN ).In zero �eld, the data exhibit a prominent sharp peak at Tx = 0:88 K.This anomaly was already reported in Ref. [6℄ with a similar overall tem-perature dependene [11℄ and was attributed to an impurity ontribution.With inreasing �eld, the anomaly appears to shift to higher temperatures.The position of the anomaly is plotted in a �0H vs T plane (the inset ofFig. 1).Considering only the C=T vs T data in zero �eld, the urve ould beinterpreted as the sum of an eletroni part of  � 0:18 J/K2mol [10℄ anda ontribution from an impurity that has a phase transition at 0.88 K as inRef. [6℄. In this ase, the data above 3 K in Fig. 1 show that the value of is almost �eld independent. On the other hand, Ce=T below Tx is stronglysuppressed by magneti �elds and it reahes less than half of the zero-�eldvalue in 4 T. This fat learly shows that the aforementioned interpretationis inorret, indiating that the spei� heat anomaly should be attributedto an intrinsi phase transition in CeOs4Sb12.In zero �eld, the high-T tail of the anomaly above Tx up to � 3Txindiates the existene of short-range orrelations. While this tail remains
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Fig. 1. Spei� heat divided by temperature (C=T ) vs T for a olletion of smallsingle rystals of CeOs4Sb12. The broken urve represents the phonon ontribution(Cph=T ) determined from C=T of LaOs4Sb12 [9℄. The inset shows the �0H�T phasediagram determined from the spei� heat data. The broken line is guide to theeye.in applied �elds, a jump at the phase transition beomes visible in 2 T.Broader transition in 4 T might indiate that eah single rystalline grain hasa di�erent transition temperature depending on the applied �eld diretionrespetive to the rystallographi diretion. The nature of dTx=dH > 0 itselfis reminisent of the antiferro-quadrupole transition observed in CeB6 [12℄and TmTe [13℄. However, the eletroni part of the entropy released belowTx is too small (0:05Rln2 and 0:06 Rln2 for 0 and 4 T, respetively) tobe attributed to suh loalized f -eletron senario. Taking into aountthe almost T -independent Ce=T above � 3Tx and the depression below Tx,we suggest that the ordering is more likely to be a harge density wave(CDW) or a spin density wave (SDW) of the moderately mass-enhanedquasipartile band. Probably a gap opening on part of the Fermi surfaeleads to the suppression of Ce=T and an inrease of � below Tx [14℄. In thissenario, however, the unonventional nature of both the quasipartile bandand the phase transition in CeOs4Sb12 is re�eted in the observed d�=dT < 0behavior below � 50 K [6℄ and the dTx=dH > 0, whih is anomalous for aCDW or SDW transition.



1164 T. Namiki et al.4. SummarySpei� heat measurements performed in magneti �elds on CeOs4Sb12have lari�ed the �eld e�et on the lear peak anomaly, whih appears at0.88 K in zero �eld. Analysis of the data suggests the existene of an in-trinsi phase transition, aompanied by a gap opening in moderately mass-enhaned quasipartile bands. The transition temperature appears to shifttoward higher temperatures when magneti �eld is inreased. The Fermi-liquid-like behavior in the spei� heat along with the non-metalli transportproperties both observed in the non-ordered state suggest the unonventionalnature of the eletron state in CeOs4Sb12.REFERENCES[1℄ W. Jeitshko, D. Braun, Ata Crystallogr. B33, 3401 (1977).[2℄ H. Harima, private ommuniation.[3℄ H. Sato, Y. Abe, H. Okada, T. D. Matsuda, K. Abe, H. Sugawara, Y. Aoki,Phys. Rev. B62, 15125 (2000).[4℄ F. Grandjean, A. Gérard, D. J. Braun, W. Jeitshko, J. Phys. Chem. Solids45, 877 (1984).[5℄ D. T. Morelli, G. P. Meisner, J. Appl. Phys. 77, 3777 (1995).[6℄ E.D. Bauer, A. �lebarski, E. J. Freeman, C. Sirvent, M.B. Maple, J. Phys.:Condens. Matter 13, 4495 (2001).[7℄ D. Braun, W. Jeitshko, J. Less-Common Met. 72, 147 (1980).[8℄ Y. Aoki, T. D. Matsuda, H. Sugawara, H. Sato, H. Ohkuni, R. Settai,Y. 	Onuki, E. Yamamoto, Y. Haga, A. V. Andreev, V. Sehovsky, L. Hav-era, H. Ikeda, K. Miyake, J. Magn. Magn. Matter. 177-181, 271 (1998).[9℄ Y. Aoki, T. Namiki, S. Ohsaki, S.R. Saha, H. Sugawara, H. Sato, submitted toJ. Phys. So. Jpn.[10℄ This is onsistent with photoemission spetrosopy measurements at �5 K[K. Kanai el al., private ommuniation℄, whih revealed the existene of a�nite density-of-states at the Fermi energy. A band struture alulation [H.Harima, private ommuniation℄ predits a semimetalli behavior.[11℄ The absolute value in Ref. [6℄ is � 50 % smaller than ours.[12℄ T. Fujita, M. Suzuki, T. Komatsubara, S. Kunii, T. Kasuya, T. Ohtsuka, SolidState Commun. 35, 569 (1980).[13℄ T. Matsumura, S. Nakamura, T. Goto, H. Amitsuka, K. Matsuhira, T. Sakak-ibara, T. Suzuki, J. Phys. So. Jpn. 67, 612 (1998).[14℄ H. Sugawara el al., not published.


