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HEAVY FERMION BEHAVIOR OF Pr 4f ELECTRONSIN FILLED SKUTTERUDITES STUDIED BYBULK-SENSITIVE PHOTOEMISSION�A. Yamasakia, S. Imadaa, T. Masudaa, T. Nanbab, A. Sekiyamaa,H. Sugawara, T.D. Matsuda, H. Sato, C. Sekined,I. Shirotanid, H. Harimae, and S. SugaaaGraduate Shool of Engineering Siene, Osaka UniversityOsaka 560-8531, JapanbGraduate Shool of Siene and Tehnology, Kobe UniversityHyogo 657-8501, JapanDepartment of Physis, Tokyo Metropolitan UniversityTokyo 192-0397, JapandDepartment of Eletrial and Eletroni EngineeringMuroran Institute of TehnologyHokkaido 050-8585, JapaneInstitute of Sienti� and Industrial Researh, Osaka UniversityOsaka 567-0047, Japan(Reeived July 10, 2002)Pr 4f eletroni strutures in Pr-based �lled skutterudites PrT4X12(T=Fe and Ru; X=P and Sb) have been studied by the high-resolutionbulk-sensitive Pr 3d ! 4f resonane photoemission spetrosopy. A verystrong Pr 4f spetral intensity is observed just below the Fermi level inthe heavy-Fermion PrFe4P12. This is the �rst observation of the Kondoresonane due to the quadrupolar Kondo e�et, the origin of whih is at-tributed to the strong hybridization between the Pr 4f and the ondutioneletrons.PACS numbers: 79.60.�i, 71.20.Eh, 71.27.+a, 71.20.�b1. IntrodutionRare-earth �lled skutterudite ompounds RT4X12 (R=rare earth; T=Fe,Ru, and Os; X=P, As, and Sb) are reently attrating muh attention inview of the thermoeletri devies [1℄ and physis of strongly orrelated� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1035)



1036 A. Yamasaki et al.systems [2�4℄. Among them, Pr-based �lled skutterudites exhibit variousinteresting properties suh as a metal-insulator transition at around 64K inPrRu4P12 [3, 5℄ and a superonduting transition at 1K in PrRu4Sb12 [6℄.PrFe4P12 is partiularly interesting due to the phase transition at around6.5K and the Kondo-like behaviors [4℄. In addition, the heavy eletronmass has reently been found in the de Haas-van Alphen measurement [7℄.In order for the heavy fermion behavior to be observed, the hybridizationbetween the ondution band and the Pr 4f state (�f hybridization) mustbe appreiably strong. The aim of this paper is to investigate the Pr 4feletroni states by means of bulk-sensitive photoemission spetrosopy.2. ExperimentalThe single rystals of PrFe4P12 and PrRu4Sb12 were grown by Sn-�ux [2℄and Sb-self-�ux methods [6℄, respetively. The single-phase polyrystals ofPrRu4P12 were synthesized at high temperatures under high pressures usinga wedge-type ubi-anvil high-pressure apparatus [3℄. Photoemission (PE)measurements were arried out at the BL25SU of SPring-8 [11℄. The Pr3d ! 4f resonane PE (RPE) spetra were measured with the best totalenergy resolution of �80 meV in the full width at half maximum at around900eV of the photon energy. The lean surfaes were obtained by fraturingthe samples in situ in the ultrahigh vauum.3. Results and disussionFigure 1 shows Pr 4f spetra obtained by subtrating the o�-resonane(h� = 921:0 eV) PE spetrum from the Pr on-resonane (h� = 929:4 eVorresponding to a slightly lower energy than Pr 3d ! 4f absorption max-imum) PE spetrum. The Pr 4f spetra are dramatially di�erent amongPr-based �lled skutterudites and Pr metal [12℄. The large variation of thePr 4f spetrum learly indiates the strong ompound dependene of thevalene band struture and of the hybridization between the Pr 4f and thevalene eletron states. We should note that the present Pr 4f spetrumof PrFe4P12 obtained from the bulk-sensitive Pr 3d ! 4f RPE is qualita-tively di�erent from that obtained from the surfae-sensitive 4d! 4f RPEresult [13℄.Furthermore, we measured Pr 3d ! 4f on-resonane PE spetra nearFermi level (EF) with better resolution as shown in Fig. 2. The promi-nent feature is the strong peak of PrFe4P12 at the binding energy of EB '100 meV, the intensity of whih is muh stronger than other �lled skutteru-dites. Strutures between EF and EB = 1 eV an be attributed to 4f2 mul-tiplet strutures as shown by vertial broken lines [12℄. The intensity ratio of
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Fig. 1. Pr 4f spetra for PrFe4P12, PrRu4P12, and PrRu4Sb12 at 20K. All thespetra are normalized to the same area after subtrating the bakground ontri-bution. The bakgrounds shown by the broken lines are obtained by the Shirleyproedure [14℄.
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Fig. 2. High-resolution Pr 3d! 4f on-resonane PE spetra near EF at 20K.the multiplet strutures is quite similar between PrRu4P12 and PrRu4Sb12.In a strong ontrast, the multiplet intensity for PrFe4P12 inreases from thelarger EB side and then stays almost onstant as approahing EF. The mostoutstanding point of the Pr 4f spetrum of PrFe4P12 is that the relative in-tensity of 3H4 multiplet with respet to other multiplets is muh larger thanother �lled skutterudites and Pr metal [12℄.A Kondo Ce system an be haraterized by the far larger intensity ofthe 4f5=2 (Kondo resonane) to that of the 4f7=2 omponent ompared witha loalized Ce system if they were measured at the same temperature [15℄.When we ompare the 4f spetra of Pr and Ce, the 3H4 multiplet, whihis very strong in PrFe4P12, orresponds to the 4f5=2 omponent of Ce in asense that they are both the multiplet struture nearest to EF. Therefore,the prominent 3H4 multiplet intensity in PrFe4P12 an be interpreted as the



1038 A. Yamasaki et al.Kondo resonane due to the strong �f mixing. This is quite onsistent withthe Kondo-like behavior in the resistivity and with the heavy eletron massfound in the de Haas-van Alphen measurement. In the high-temperaturephase, the ground state of Pr3+ ion is onsidered as the non-Kramers doublet[9, 10℄. Therefore, the Kondo resonane that we observed in PE spetrumand all other Kondo-like behaviors [4, 7℄ most probably originate from thequadrupolar Kondo e�et [8℄. 4. ConlusionIn onlusion, we have observed the Kondo resonane behavior in thePr 4f photoemission spetrum of PrFe4P12, whereas no Kondo resonaneis seen in PrRu4P12 and PrRu4Sb12. The origin of the Kondo resonane inPrFe4P12 is onsidered to be due to the quadrupolar Kondo e�et ausedby the strong �f hybridization between the Pr 4f and ondution eletronstates in the viinity of EF.We are grateful to Dr. T. Muro, and Dr. Y. Saitoh for their experimentalassistane. The researh was performed at SPring-8 under the support of aGiant-in-Aid for COE Researh (10CE2004) of the Ministry of Eduation,Culture, Sports, Siene, and Tehnology (MEXT), Japan.REFERENCES[1℄ B.C. Sales et al., Siene 272, 1325 (1996); G.S. Nolas et al., Appl. Phys. Lett.77, 1855 (2000); N.R. Dilley et al., J. Appl. Phys. 88, 1948 (2000).[2℄ M.S. Torikahvili et al., Phys. Rev. B36, 8660 (1987).[3℄ C. Sekine et al., Phys. Rev. Lett. 79, 3218 (1997).[4℄ H. Sato et al., Phys. Rev. B62, 15125 (2000).[5℄ T. Nanba et al., Physia B259-261, 853 (1999).[6℄ N. Takeda et al., J. Phys. So. Jpn. 69, 868 (2000).[7℄ H. Sugawara et al., J. Magn. Magn. Mater. 226-230, 48 (2001).[8℄ D.L. Cox, Phys. Rev. Lett. 59, 1240 (1987).[9℄ Y. Nakanishi et al., Phys. Rev. B63, 184429 (2001).[10℄ Y. Aoki et al., Phys. Rev. B65, 064446 (2002).[11℄ Y. Saitoh et al., Rev. Si. Instrum. 71, 3254 (2000).[12℄ S. Hüfner et al., Phys. Rev. B63, 085106 (2001).[13℄ H. Ishii et al., J. Phys. So. Jpn. 71, 156 (2002).[14℄ D. A. Shirley, Phys. Rev. B5, 4709 (1972).[15℄ A. Sekiyama et al., J. Phys. So. Jpn. 69, 2771 (2000).


