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LOW TEMPERATURE MAGNETIZATION OF THESKUTTERUDITE SUPERCONDUCTOR PrOs4Sb12�K. Tenyay, N. Oeshler, P. Gegenwart, F. SteglihMax Plank Institute for the Chemial Physis of SolidsNöthnitzer Str. 40, 01187 Dresden, GermanyN.A. Frederik, E.D. Bauer and M.B. MapleDepartment of Physis and Institute for Pure and Applied Physial SienesUniversity of California, San Diego, La Jolla, CA 92093-0319, USA(Reeived July 10, 2002)Magneti and superonduting properties have been investigated on asingle rystal of the �lled skutterudite superondutor PrOs4Sb12 by meansof stati magnetization measurements at very low temperatures. Thereis no trae of the paramagneti suppression of the superondutivity, in-diating that the normal state paramagnetism is due to the Van Vlekontributions. An anomalous �eld-indued phase transition whose onset�eld gradually inreases with temperature is found above 4.5 T and below1.1 K. The nonlinear suseptibility inreases from a negative value withdereasing temperature and attains a maximum at around 1 K. The originof these anomalous magnetization behaviors is disussed with respet tothe rystal-eletri �eld exitations in PrOs4Sb12.PACS numbers: 71.10.Hf, 71.27.+aThe skutterudite ompound PrOs4Sb12 presents the �rst example of a Pr-based heavy fermion superondutor [1℄. In the normal state, a pronounedShottky-like anomaly and a peak in the magneti suseptibility are observedaround 3 K. The latter behavior an be roughly explained by the rystalline-eletri �eld (CEF) model based on the 4f2 eletrons. It is likely that theCEF ground state is a �3 nonmagneti doublet with a �5 triplet �rst exitedstate. On the other hand, a �1 singlet ground state with a �5 exited state� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.y Present address: Graduate Shool of Siene, Hokkaido University, Sapporo 060-0810,Japan. (995)



996 K. Tenya et al.is also possible. We have performed stati magnetization measurements onPrOs4Sb12 down to 0.1 K in order to hek the ground state as well as toinvestigate the superonduting properties.A single rystal of PrOs4Sb12 was grown using an Sb-�ux method [1℄.The residual resistivity ratio exeeded 30, indiating the sample is a leansuperondutor. We do not expet that the impurity-driven spin�orbit sat-tering is relevant in this sample. The resistive superonduting transitiontemperature T was 1.86 K. Magnetization measurements were performed attemperatures from 0.1 K to 4 K and in �elds up to 11.5 T, using a apaitivemagnetometer installed in a 3He�4He dilution refrigerator [3℄.Fig. 1 shows isothermal magnetizationM(B) and di�erential suseptibil-ity dM(B)=dB urves of PrOs4Sb12 at 0.23 K in magneti �elds applied par-allel to the h100i and h110i diretions. Besides the isotropi superonduting-normal transition B2 at 2.2 T, we observe an anomalous magnetizationbehavior at 4.7 T (5.3 T) for Bkh100i (Bkh110i). The onset �eld of thisanomaly inreases gradually with inreasing temperature and disappearsompletely for T � 1:1 K. The stepwise struture of dM(B�)=dB beomesa broad peak above 1.1 K (0.9 K) for Bkh100i (Bkh110i). We note thatorresponding anomalies have been found in the thermodynami propertiesas well [2℄. There is no anisotropy in the magnetization urves in the �eldsranging from B2 to B*, while sizable anisotropy is observed above B*. Be-low B*, the suseptibility at 0.23 K is about 60 % of that at 3 K where thesuseptibility has a maximum [1℄. At high �elds de Haas�van Alphen osil-lations are observed for Bkh100i, re�eting the high purity of the sample.The frequeny is 70 T, leading to a small Fermi surfae ontribution.
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Fig. 1. Magnetization and di�erential suseptibility urves for PrOs4Sb12 at 0.23K with Bkh100i and Bkh110i.



Low Temperature Magnetization of the Skutterudite . . . 997In the superonduting state, the irreversible magnetization dereasesrapidly with �eld. The magnetization irreversibility, however, inreasesslightly again around 1.3 T. This is a so-alled �peak e�et�, observed inother f -eletron superondutors [3℄. The peak rapidly dereases with in-reasing temperature and, above 1 K, is too small to be deteted.From the magnetization urves with small hystereses, the equilibriummagnetization Meq(B) an be obtained by averaging the inreasing- anddereasing-�eld magnetizations. The thermodynami ritial �eld B anbe estimated from the Meq(B) integration with respet to B [3℄. The ex-trapolated value of B(0) is � 0.06 T.The temperature dependene of the superonduting upper ritial �eldB2 and onset �eld of the anomaly B* are displayed in Fig. 2(a). Theseresults are similar to those reported in [1,4,5℄. There is no anisotropy in B2.It should be noted that B2(0) is almost the same as the orbital ritial �eldestimated from dB2=dT just below T, suggesting no paramagneti sup-pression of the superondutivity. The Ginzburg�Landau parameter �2(T ),whih is obtained from the average slope of the equilibrium magnetizationjust below B2, inreases with dereasing temperature, typial for super-ondutors without paramagneti suppression [3℄. The spin�orbit satteringmehanism whih ould reover spin paramagnetism is not relevant sine thesample is lean. These results indiate that the origin of the normal stateparamagnetism is the Van Vlek ontribution, onsistent with the Pr3+ en-ergy level sheme whose ground state is �1 or �3 in the CEF [1℄.

-30

-20

-10

0

10

20

0 1 2 3 4 5

B // <100>
B // <110>
B // <111>

χ 3
 (

em
u/

T
3 m

ol
-P

r)

T (K)

PrOs4Sb12

2.5 T < B < 4 T

M=M0+χ1B+χ3B3/3!

(b)

0

2

4

6

8

10

12

0 0.5 1 1.5 2 2.5

B
Bc2

B
Bc2

B
Bc2

B
 (

T
)

T (K)

B//<100>

B//<110>

B//<111>

PrOs4Sb12
(a)

Fig. 2. (a) B � T phase diagram in PrOs4Sb12. (b) Temperature dependene ofnonlinear suseptibility in PrOs4Sb12.



998 K. Tenya et al.As mentioned above, B* inreases with temperature up to � 8 T andgradually shifts to the lower temperature side above this �eld. This anoma-lous �eld-indued transition should re�et the nature of the ground statein the CEF. The nonlinear ontributions to the isothermal magnetizationurves are analyzed to hek the ground state properties in detail. Themagnetization urves are almost linear with �eld below B*, leading to thesmall ontribution of the nonlinear term. The nonlinear suseptibility �3 isestimated in the �eld range between 2.5 T (> B2) and 4 T (< B*), usingthe expressionM =M0 + �1B + �3B3=3! in order to avoid impurity e�ets.Fig. 2(b) displays the temperature dependene of �3(T ) for B along theprinipal axes. While the T -dependene of �3(T ) is qualitatively similar tothat reported in [5℄, the magnitude of �3(T ) is onsiderably di�erent fromthat in [5℄. This disrepany may originate from the di�erene of the �eldrange where the �3(T ) estimation is performed. The temperature depen-dene is quite strange; �3(T ) gradually inreases from negative values withdereasing temperature, exhibits a maximum at about 1 K and beomesnegative again at lower temperatures. No anisotropy in �3(T ) ould be de-teted within experimental error in spite of the small but sizable anisotropyin B*. Sine �3(T ) is expeted to be anisotropi for both a �1 and a �3ground state [6℄, this result alls into question the nature of the ground statein this material. However, reent C(B;T ) measurements suggest a rossoverto a �5 ground state in a magneti �eld B � 5 T due to the Zeeman splittingof the �5 triplet state, in agreement with these M(B) measurements.In summary, magneti and superonduting properties have been inves-tigated on the �lled skutterudite superondutor PrOs4Sb12 by means ofstati magnetization measurements at very low temperatures. Besides thesuperonduting-normal transition, an anomalous �eld-indued phase tran-sition whose onset �eld inreases with inreasing-T is found below 1.1 K.The paramagnetism below B* originates from the Van Vlek ontributionwhih does not suppress the superondutivity. The small anisotropy in thelinear and nonlinear suseptibilities suggests that the ground state of Pr3+in the CEF may be more ompliated than expeted for ioni �1 or �3 statesdue to hybridization with ondution eletron states. The researh at UCSDwas supported by the US NSF and DOE.REFERENCES[1℄ E.D. Bauer et al., Phys. Rev. B65, 100506 (2002).[2℄ N. Oeshler et al., to be published.[3℄ K. Tenya et al., Phys. Rev. Lett. 77, 3193 (1996).[4℄ M.B. Maple et al., J. Phys. So. Jpn. Suppl. 81, 23 (2002).[5℄ P.-C. Ho et al., Pro. PPHMF IV, 98 (2002); E.D. Bauer, to be published.[6℄ P. Morin, D. Shmitt, Phys. Rev. B23, 5936 (1981).


