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UNUSUAL SUPERCONDUCTIVITYIN SKUTTERUDITE COMPOUND PrOs4Sb12�H. Kotegawa, M. Yogi, Y. Imamura, G.-q. Zheng, Y. KitaokaDepartment of Physial Siene, Graduate Shool of Engineering SieneOsaka University, Toyonaka, Osaka 560-8531, JapanS. Ohsaki, H. Sugawara, Y. Aoki and H. SatoGraduate Shool of Siene, Tokyo Metropolitan UniversityMinami-Ohsawa 1-1, Hahioji, Tokyo 192-0397, Japan(Reeived July 10, 2002)We report Sb-NQR results, whih evidene unusual superonduting(SC) property in a �lled-skutterudite ompound PrOs4Sb12 with a SC tran-sition temperature, T = 1:8K. The nulear-spin�lattie relaxation rate,1=T1 have revealed that Pr-derived 4f moments behave as if they are loal-ized in a high temperature (T ) above T0 � 10K. The observed NQR-lineshift below T0 suggests the loal redistribution of the harges assoiatedwith quadrupolar moments of Pr3+. The 1=T1 in the SC state has revealedan isotropi energy gap of �=kBT � 2:7. The absene of the oherenepeak, but an exponential derease in 1=T1T below T = 1:8K annot beaounted for by either a onventional s-wave model or an anisotropi SCmodel with point- or line-node gap, pointing to a new lass of unusualsuperondutivity.PACS numbers: 71.27.+a, 75.30.Mb1. IntrodutionReently, Bauer et al. reported the observation of heavy fermion (HF)behavior and superondutivity at T = 1:85K in a �lled-skutterudite om-pound PrOs4Sb12 whih is the �rst ase of Pr-based HF superondutor [1℄.Its HF state was inferred from the jump in the spei� heat at T, the slopeof the upper ritial �eld near T, and the eletroni spei� heat oe�ient � 500 mJ/moleK2. The magneti suseptibility, thermodynami mea-surements, and reent inelasti neutron sattering experiments revealed the� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1003)



1004 H. Kotegawa et al.ground state of the Pr3+ ions in the ubi rystal eletri �eld (CEF) to bethe �3 non-magneti doublet [1,2℄. In the Pr-based ompounds with the �3ground state, the quadrupolar interations play an important role. In anal-ogy with the quadrupolar Kondo model [3℄, it was suggested that the HF-likebehavior in PrOs4Sb12 may be relevant to a quadrupolar Kondo lattie. Aninteresting issue to be addressed is what role of Pr3+-derived quadrupolar�utuations are relevant with the onset for the superondutivity in thisompound. 2. Experimental data and disussionNulear spin-lattie relaxation time (T1) was measured through the Sbnulear quadrupolar resonane (NQR) experiment at zero �eld [4℄. Sin-gle rystals of PrOs4Sb12 were grown by the Sb-�ux method as desribedelsewhere [5℄. Measurements of eletri resistivity and a-suseptibility on-�rmed a superonduting (SC) transition at T = 1:8K. For 121;123Sb NQRmeasurements, the single rystals were rushed into powder.Fig. 1(a) shows NQR spetrum at several temperature (T ) for123Sb-2�Q (�3=2 $ �5=2 transition). The peak shifts to higher frequenywith dereasing T below T0 � 10K. Fig 1(b) indiates T -dependene of(�Q� �0)=�0 for 123Sb-2�Q, 123Sb-3�Q, and 121Sb-2�Q, where �0 is the valueof �Q at 10K. All the data to demonstrate a same T -variation indiatethat these shifts are not magneti but eletri in origin. Sine suh the
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Fig. 1. (a) Sb NQR spetra for several T . The peak shifts at low T . (b)T -depen-dene of NQR frequeny. �Q inreases gradually below T0 � 10K.



Unusual Superondutivity in Skutterudite Compound PrOs4Sb12 1005large shift in �Q is never seen in LaOs4Sb12, it is natural to onsider thatthe quadrupolar �utuation of Pr-4f moment indues these shifts as theresult of a redistribution of ondution eletrons. The magneti suseptibil-ity and inelasti neutron sattering experiments suggested the CEF energysplitting between the ground state (�3) and the �rst exited state (�5) as�CEF = 8 � 11K [1,2℄, whih almost oinides with T0 � 10K.Fig. 2 indiates the T dependene of 1=T1 measured at 2�Q � 48:9MHz for 123Sb along with the result in LaOs4Sb12 (T = 0:75K). A relationof T1T = onst. is valid in the normal state of LaOs4Sb12, harateristifor onventional metalli materials. In the SC state, 1=T1 shows a largeoherene peak just below T, followed by the exponential T dependenewith the gap size of�=kBT � 1:6 at low T . These results are onsistent withLaOs4Sb12 being a onventional weak-oupling BCS s-wave superondutor.
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Fig. 2. T -dependene of 1=T1 for PrOs4Sb12 and LaOs4Sb12. The inset shows T1Tversus T=T .By ontrast, the 1=T1 in PrOs4Sb12 is strongly enhaned than in LaOs4Sb12,revealing a relaxation behavior similar to Ce-based HF systems reported thusfar. Above T0 � 10K, the T dependene of 1=T1 reveals that the 4f eletronsbehave as if they are loalized. However, 1=T1 dereases gradually below T0.



1006 H. Kotegawa et al.This seems to be onsistent with the CEF energy splitting of Pr3+ ions of�CEF = 8�11K [1,2℄. Magneti �utuations are suppressed at temperaturesbelow �CEF. In the SC state, T1T is well �tted by the exponential rela-tion of T1T / exp (�=(kBT) (T=T )) with �=(kBT) = 2:7 already belowTg � 2:3K as shown in the inset, indiating an isotropi energy gap and theexistene of pseudogap. However, the absene of the oherene peak justbelow T is obvious. This behavior annot be aounted for by either a on-ventional s-wave model or anisotropi SC models with point- or line-nodegap. The quadrupolar �utuations might be responsible for a new lass ofsuperondutivity. 3. ConlusionWe have measured T1 of 123Sb in PrOs4Sb12 superondutor with T �1:8K. 1=T1 shows the exponential derease with �=(kBT) = 2:7 belowTg � 2:3K, indiative of a strong-oupling isotropi gap. However, 1=T1does not exhibit any oherene peak. PrOs4Sb12 di�ers from a onventionals-wave type and from an unonventional superondutor with the line-nodeof the gap.We are grateful for fruitful disussions with Kazumasa Miyake andHisatomo Harima on f2-based heavy fermion systems. This work was sup-ported by the COE Researh (10CE2004) in a Grant-in-Aid for Sienti�Researh from the Ministry of Eduation, Sports, Siene and Culture ofJapan. One of authors (H.K.) has been supported by JSPS Researh Fel-lowships for Young Sientists.REFERENCES[1℄ E.D. Bauer et al., Phys. Rev. B65, 100506(R) (2002).[2℄ F. Woodward et al., APS Marh meeting.[3℄ D.L. Cox, Phys. Rev. Lett. 59, 1240 (1987).[4℄ H. Kotegawa et al., submitted to Phys. Rev Lett.[5℄ H. Sugawara et al., to be published.


