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MAGNETIC EXCITATIONS IN THEHEAVY-ELECTRON ANDANTIFERRO-QUADRUPOLAR-ORDERINGSYSTEM PrFe4P12� ��K. Iwasa, L. Hao, M. Nakajima, M. Kohgi, H. Sugawara, Y. AokiH. SatoDepartment of Physis, Tokyo Metropolitan UniversityHahioji, Tokyo 192-0397, Japanand T.D. MatsudaAdvaned Siene Researh Center, Japan Atomi Energy Researh InstituteTokai, Ibaraki 319-1195, Japan(Reeived July 10, 2002)PrFe4P12 exhibits a heavy-eletron-like behavior and a phase transitionto an antiferro-quadrupolar ordering state at the lowest temperature. In-elasti neutron sattering experiments for a polyrystalline sample revealeda quasielasti response and no rystal-�eld exitation in the heavy-eletronstate. It is in ontrast to the observed sharp rystal-�eld exitations inPrInAg2 onsidered as a andidate of a quadrupolar Kondo system. In theordered phase, sharp peaks at 1.4 and 3.0 meV are superimposed on thebroad spetrum. These sharp exitations are onsistent with the loalizedbehavior of the 4f eletrons in the antiferro-quadrupolar ordered phase.PACS numbers: 71.27.+a, 71.45.Gm, 75.30.Mb, 78.70.Nx1. IntrodutionAmong the various physial properties of the �lled skutterudites RT4X12(R = rare earth, T = transition metal, X = pnitogen) rystallizing in Im	3ubi struture [1℄, PrFe4P12 shows heavy-eletron phenomena and an un-usual phase transition. A peak of spei� heat and a jump of eletrialresistivity observed at TA = 6.5 K at zero magneti �eld indiate a phasetransition [1,2℄. In the region where the low-temperature phase below TA is� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.�� The authors thank Prof. H. Harima for his valuable disussions.(1117)



1118 K. Iwasa et al.destroyed by external magneti �elds, the eletroni spei�-heat oe�ientfor the T -linear term beomes as large as 1.4 J=mol=K2. The eletrial re-sistivity behaves as �logT between 30 and 100 K. Cylotron e�etive masswas evaluated as 81m0 from a de Haas�van Alphen e�et experiment [3℄.X-ray di�ration experiments revealed a superlattie haraterized by thewave vetor q = (1; 0; 0) below TA [4℄. This wave vetor is onsistent with theFermi-surfae nesting ondition predited by the band alulation [5℄. More-over, neutron di�ration studies revealed an antiferromagneti omponentwith the same q indued by applied magneti �eld in the low-temperaturephase [6℄. This phenomenon is asribed to the antiferro-quadrupolar (AFQ)ordering of the loalized Pr3+-ion 4f eletrons. In order to investigate the4f -eletron ontribution to the heavy-eletron state and the AFQ orderedphase, we performed inelasti neutron sattering experiments.2. Experimental proedurePolyrystalline samples of PrFe4P12 and LaFe4P12 as a referene systemwithout a 4f eletron were synthesized by a tin �ux method. Inelasti neu-tron sattering experiments were arried out by a spetrometer LAM-D withrystal-analyzer mirrors seleting the �nal neutron energy of 4.6 meV in-stalled in the pulsed-neutron faility KENS of KEK, Tsukuba, Japan. Sam-ple temperature was ontrolled down to 3.5 K by a He-�ow ryostat.3. Experimental results and analysisFigure 1 represents measured responses of PrFe4P12 as a funtion ofexitation energy E. These results were obtained after a orretion of sat-tered intensity by an energy dependene of inident-neutron intensity andsubtrations of bakgrounds and phonon ontributions estimated from themeasurement of LaFe4P12. Inoherent sattering ontribution around E = 0was exluded. At 60 and 15 K, we observed quasielasti spetra whose widthsare muh broader than the energy resolution indiated by a horizontal bar.There was no lear inelasti peak in the range up to 100 meV. The followingequation with a Lorentzian relaxation funtion is used for analysis.I = Cf2 E1� exp(�E=kBT ) 1� �(E �E0)2 + � 2 ; (1)where C is a sale fator, f is a magneti form fator of Pr3+. A least-squares �tting proedure based on Eq. (1) onvoluted with the instrumentalresolution was performed with free parameters of C and � and �xed E0 = 0.The results shown by lines agree well with the experimental data. Theobtained � are 4.1 and 1.8 meV for 60 and 15 K, respetively.
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Fig. 1. Inelasti neutron sattering spetra of polyrystalline PrFe4P12.At 3.5 K below TA, as depited in the lower part of Fig. 1, sharp peaksat 1.4 and 3.0 meV are seen together with a broad spetrum. Performing aleast-squares �t, we found that three Lorentzians entered at 1.4, 1.6 and 3.0meV reprodue well the data, as shown by a solid line and the omponentsby broken lines. The width parameters � of the peaks at 1.4 and 3.0 meVare less than 0.1 meV. The peak at 1.6 meV has a large � = 2:1 meV. Itshould be mentioned that the enter of the broad peak is not determineduniquely. We obtained similar �t with a set of one peak with enter �xed atE = 0 and � = 2:2 meV and two inelasti peaks at 1.4 and 2.9 meV.4. DisussionThe quasielasti spetra without apparent rystal-�eld exitations aboveTA is similar to those of typial heavy-fermion systems [7℄. Beause therystal-�eld ground state of Pr ions is suggested to be a non-magneti dou-blet �3 from the elasti onstant measurement [8℄ and the theoretial argu-ment [9℄, a quadrupole Kondo e�et is expeted to be important in PrFe4P12.However, PrInAg2 studied as a andidate of the quadrupole Kondo systemexhibits lear rystal-�eld exitations [10℄. This fat is in ontrast to thepresent result of PrFe4P12. Their di�erene in energy spetra is a key tounderstand heavy-eletron states in Pr ompounds.



1120 K. Iwasa et al.The sharp peaks at 3.5 K is attributed to the loalized 4f -eletronsexhibiting the AFQ ordering with the ground state �3. The ompliatedspetrum is onsidered to be due to dispersions of exitation state in theordered phase below TA. Another possible interpretation is that the broadLorentzian spetrum appearing above TA is onserved even in the AFQordered phase. Further neutron sattering experiments for a single-rystalsample are neessary to interpret the whole spetrum of 4f -eletron state.5. Conluding remarksIn onlusion, the present inelasti neutron sattering study of PrFe4P12eluidates the broad magneti response of 4f -eletrons above TA in theheavy-eletron state and the sharp exitations superimposed below TA. Thedistint hange of the spetral shape through the phase transition is a diretevidene for the signi�ant ontribution of the 4f -eletrons to the heavy-eletron state and the AFQ ordering state of PrFe4P12.REFERENCES[1℄ M.S. Torikahvili, J.W. Chen, Y. Dalihaouh, R.P. Guertin, M.W. MElfresh,C. Rossel, M.B. Maple, G.P. Meisner, Phys. Rev. B36, 8660 (1987); H. Sato,Y. Abe, H. Okada, T.D. Matsuda, K. Abe, H. Sugawara, Y. Aoki, Phys. Rev.B62, 15125 (2000).[2℄ Y. Aoki, T. Namiki, T.D. Matsuda, K. Abe, H. Sugawara, H. Sato, Phys. Rev.B65, 064446 (2002).[3℄ H. Sugawara, T.D. Matsuda, K. Abe, Y. Aoki, H. Sato, S. Nojiri, Y. Inada,R. Settai, Y. 	Onuki, Phys. Rev. B66, 134411 (2002).[4℄ K. Iwasa, Y. Watanabe, K. Kuwahara, M. Kohgi, H. Sugawara, T.D. Matsuda,Y. Aoki, H. Sato, Physia B 312-313, 834 (2002).[5℄ H. Sugawara, Y. Abe, Y. Aoki, H. Sato, M. Hedo, R. Settai, Y. 	Onuki,H. Harima, J. Phys. So. Jpn. 69, 2938 (2000); H. Harima, K. Takegahara,Physia B 312-313, 843 (2002).[6℄ L. Hao, K. Iwasa, M. Nakajima, D. Kawana, K. Kuwahara, M. Kohgi,H. Sugawara, T.D. Matsuda, Y. Aoki, H. Sato, in this volume.[7℄ E. Holland-Moritz, G.H. Lander, Handbook on the Physis and Chemistry ofthe Rare Earths Vol. 19, Elsevier Siene B. V., Amsterdam 1994, p.1.[8℄ Y. Nakanishi, T. Simizu, M. Yoshizawa, T. Matsuda, H. Sugawara, H. Sato,Phys. Rev. B63, 184429 (2001).[9℄ S.H. Curnoe, H. Harima, K. Takegahara, K. Ueda, Physia B 312-313, 837(2002).[10℄ T.M. Kelly, W.P. Beyermann, R.A. Robinson, F. Trouw, P.C. Can�eld,H. Nakotte, Phys Rev. B61, 1831 (2000).


