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LOW TEMPERATURE SPECIFIC HEAT OF PrOs4Sb12�R. Vollmera, A. Faissta, C. Pfleiderera, H. v.Löhneysena;bE.D. Bauer and M.B. MapleaPhysikalishes Institut, Unversität Karlsruhe, 76128 Karlsruhe, GermanybForshungszentrum Karlsruhe, Institut für Festkörperphysik76021 Karlsruhe, GermanyDepartment of Physis and Institute of Pure and Applied Physial SienesUniversity of California San Diego, La Jolla, CA 92093-0319, USA(Reeived July 10, 2002)We report measurements of the magneti �eld dependene of the lowtemperature spei� heat of single rystal samples of the heavy-fermionsuperondutor PrOs4Sb12. The spei� heat anomaly at T resides ona large Shottky anomaly and exhibits a double peak struture similar tothe behaviour observed in UPt3. For B > 2T, the Shottky anomaly be-omes inreasingly suppressed. At lowT , amaximum develops forB>4:5Twhih sharpens onsiderably and shifts to higher T with inreasing B orre-sponding to a feature in the eletrial resistivity. This suggests a �eld tunedT = 0 phase transition to a high �eld phase just above the suppression ofsuperondutivity.PACS numbers: 74.70.Tx, 65.40.�b, 71.27.+a, 75.30.MbThe rih variety of ground states exhibited by intermetalli ompoundsin the �lled skutterudite struture ranges from Kondo insulators to super-ondutivity. An espeially interesting material is PrOs4Sb12 whih appearsto be the �rst Pr based heavy fermion superondutor [1℄. Measurements ofthe eletrial resistivity and the magnetisation show both of the two hall-marks of superondutivity, zero resistivity and the Meissner e�et. Thesuperondutivity is a bulk e�et as previously inferred from a fairly broadanomaly at T, whih resides on top of a Shottky anomaly. This Shottkyanomaly and the magneti suseptibility suggest that the rystal eletri�eld ground state of Pr is a non-magneti �3 doublet, providing a possibleopportunity to observe two hannel Kondo physis.� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(1185)



1186 R. Vollmer et al.PrOs4Sb12 rystallizes in the ubi LaFe4P12-type struture (spae groupIm3). The single rystalline samples of PrOs4Sb12 have been grown froma Sb �ux. The spei� heat has been measured using a quasi-adiabati heatpulse tehnique in a 4He refrigerator in magneti �elds up to 14T and ina dilution refrigerator in magneti �elds up to 6:65T down to 100mK. Anaggregate of �ve small single rystals was studied abd ompared with a largesingle rystalline piee. The spei� heat of the single piee was 9 % lower,probably due to a small quantity of Sb inlusions, but otherwise in perfetagreement.Fig. 1 shows the spei� heat in the form C=T as a funtion of temper-ature T for low magneti �elds. With dereasing temperature C=T exhibitsa maximum at T � 2 K and dereases at lower temperatures. The superon-duting transition at T = 1:85K is assoiated with a pronouned anomalyin the spei� heat. Data for B = 0 and T > T up to 10K an be de-sribed by three ontributions (solid line): (i) an eletroni term C=T = with  = 313mJ/molK2 , (ii) a phononi part with a Debye temperatureof �D = 165K, and (iii) a Shottky anomaly due to the rystal eletri�eld splitting of the Pr3H4 ground state into a �3 ground state doublet anda �5 triplet with a separation of � = 7:0K. The high absolute value of thespei� heat together with the oe�ient of the Shottky peak (1Pr/f.u.)shows that the samples are of high quality.The inset of Fig. 1 shows the spei� heat C=T as a funtion of T nearT. Two pronouned anomalies are resolved, where the upper transitionorresponds to the zero resistane and Meissner transition temperatures.The double transition has been observed on the aggregate of �ve rystalsand the individual single rystalline piee, ruling out sample inhomogenitiesas a possible ause. The anomaly in C=T is suppressed for B >� 0:5T.Adouble superonduting transitionwas previously reported in referene [2℄.
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PrOs4Sb12Fig. 1. Spei� heat C=T versus temperature T in magneti �elds up to 0.5T.The inset displays the spei� heat near the superonduting transition.



Low Temperature Spei� Heat of PrOs4Sb12 1187The spei� heat for B = 0 near T after subtration of the phononand the Shottky ontribution is shown as �C=T versus T in Fig. 2. Thesolid line is an equal entropy onstrution showing that the two transitionsare of equal height. The two superonduting transition temperatures areestimated to be T1 = 1:75 K and T2 = 1:85 K. The ratio �Cs=T � 3exeeds the BCS weak oupling value �Cs=T = 1:43 by over a fator oftwo, where �Cs is the total height of both superonduting jumps takentogether.
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PrOs4Sb12Fig. 2. Eletroni ontribution to the spei� heat �C=T versus temperature T .The solid urve shows an entropy onserving onstrution as explained in the text.The spei� heat C as a funtion of T in magneti �elds up to 14Tis shown in Fig. 3. The Shottky anomaly is strongly suppressed by themagneti �eld as expeted for a Zeeman splitting of the f eletron states.However, a quantitative aount of the Zeeman splitting of the f eletronlevels in a magneti �eld requires knowledge of the interations betweenthe f eletrons. For T < 1K a pronouned maximum for B > 4:5T isresolved that shifts from T = 0:7 K for B = 5 T to T = 1K for B = 6:65Tand sharpens onsiderably. This maximum orresponds to a kink in theresistivity [3℄ and may be related to a �eld tuned T = 0 phase transitionnear B � 4:5T. At the lowest T , a strong inrease of C is observed withdereasing T . This inrease may be due to the splitting of the doubletground state in a magneti �eld and additional ontributions from hyper�neenhaned Zeeman splitting of the Pr nulear levels.In summary, we have examined the superonduting transition inPrOs4Sb12 and observed a double transition at the onset of superonu-tivity, possibly indiating unonventionel superondutivity. The spei�heat in the normal state is in�uened by interations between the loalised
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PrOs4Sb12Fig. 3. Spei� heat C versus temperature T in magneti �elds up to 14T. Thehigh T Shottky anomaly is rapidly suppressed up to 14T. A pronouned anomaly,indiating an ordered state stabilized in high �eld, is resolved at low T .f eletrons of Pr, possibly related to a �eld indued phase transition forB > 4:5T, just above H2 = 2:2T, but may be unambiguously explained bya �3 doublet ground state and �5 low lying triplet state.REFERENCES[1℄ E.D. Bauer, N.A. Frederik, P.-C. Ho, V.S. Zapf, M.B. Maple, Phys. Rev. B65,100506(R) (2002).[2℄ M.B. Maple et al., J. Phys. So. Jpn. 71, 23 (2002).[3℄ P.-C. Ho et al., Proeedings of the International Conferene on Physial Prop-erties in High Magneti Fields, Santa Fe NM, USA, 2002.


