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A NEW HEAVY FERMION SUPERCONDUCTOR:THE FILLED SKUTTERUDITE COMPOUND PrOs4Sb12�M.B. Maple, P.-C. Ho, N.A. Frederik, V.S. Zapf, W.M. Yuhasz,and E.D. BauerDepartment of Physis and Institute for Pure and Applied Physial SienesUniversity of California, San Diego, La Jolla, CA 92093, USA(Reeived July 10, 2002)The �lled skutterudite ompound PrOs4Sb12 exhibits superondutiv-ity below a ritial temperature T = 1:85 K that develops out of a non-magneti heavy Fermi liquid with an e�etive mass m� � 50 me, whereme is the free eletron mass. Analysis of magneti suseptibility, spei�heat, eletrial resistivity and inelasti neutron sattering measurementswithin the ontext of a ubi rystalline eletri �eld yields a Pr3+ energylevel sheme that onsists of a �3 nonmagneti doublet ground state thatarries an eletri quadrupole moment, a low lying �5 triplet exited stateat � 10 K, and �4 triplet and �1 singlet exited states at muh highertemperatures. The superonduting state appears to be unonventionaland to onsist of two distint superonduting phases. An ordered phaseof magneti or quadrupolar origin ours at high �elds and low tempera-tures, suggesting that the superondutivity may our in the viinity of amagneti or eletri quadrupolar quantum ritial point.PACS numbers: 71.20.Eh, 71.27.+a, 74.70.Tx, 75.30.Mb1. IntrodutionThe �lled skutterudite ompound PrOs4Sb12 has been reported to ex-hibit superondutivity below a ritial temperature T = 1:85 K that devel-ops out of a heavy Fermi liquid with an e�etive mass m� � 50 me, whereme is the free eletron mass [1�4℄ . To our knowledge, PrOs4Sb12 is the �rstheavy fermion superondutor based on Pr; all of the other known heavyfermion superondutors (about 20) are ompounds of Ce or U. The super-onduting state appears to be unonventional in nature and may onsist oftwo distint superonduting phases [3, 5℄. An ordered phase, presumably� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(919)



920 M.B. Maple et al.of magneti or quadrupolar origin, ours at high �elds > 4:5 T and lowtemperatures < 1:5 K [3,4,6�9℄, suggesting that the superondutivity mayour in the viinity of a magneti or quadrupolar quantum ritial point(QCP). Analysis of magneti suseptibility �(T ), spei� heat C(T ), ele-trial resistivity �(T ) and inelasti neutron sattering measurements withinthe ontext of a ubi rystalline eletri �eld (CEF) yields a Pr3+ energylevel sheme that onsists of a �3 nonmagneti doublet ground state thatarries an eletri quadrupole moment, a low lying �5 triplet exited stateat � 10 K, and �4 triplet and �1 singlet exited states at muh higher tem-peratures (� 130 K and � 313 K, respetively) [1�4℄. This senario suggeststhat the underlying mehanism of the heavy fermion behavior in PrOs4Sb12may involve the interation of Pr3+ eletri quadrupole moments with theharges of the ondution eletrons, rather than the interation of Pr3+ mag-neti dipole moments with the spins of the ondution eletrons, the intera-tion that is widely believed to be responsible for the heavy fermion state inmost Ce- and U-based ompounds. It also raises the possibility that eletriquadrupole �utuations play a role in the superondutivity of PrOs4Sb12.In this paper, we brie�y review the urrent experimental situation regardingthe heavy fermion state, the superonduting state, and a high �eld, lowtemperature phase that is apparently assoiated with magneti or eletriquadrupolar order in PrOs4Sb12.2. Heavy fermion state in PrOs4Sb12The �rst evidene for a heavy fermion state in the �lled skutteruditeompound PrOs4Sb12 emerged from spei� heat C(T ) measurements ona PrOs4Sb12 pressed pellet (formed by pressing a olletion of small singlerystals in a ylindrial die) at low temperatures. Spei� heat data in theform of a plot of C=T vs T between 0:5 K and 10 K for the PrOs4Sb12pressed pellet from Refs. [1℄ and [2℄ are shown in Fig. 1. The C(T ) datahave been orreted for exess Sb derived from the molten Sb �ux in whihthe rystals were grown. The line in the �gure represents the expressionC(T ) = T + �T 3 +CSh(T ), where T and �T 3 are eletroni and phononontributions, respetively, and CSh(T ) is a Shottky anomaly for a twolevel system onsisting of a doublet ground state and a triplet exited stateat an energy � above the ground state. The best �t of this expressionto the data yields the values  = 607 mJ/mol K2, � = 3:95 mJ/mol K4(orresponding to a Debye temperature �D = 203 K), and � = 7:15 K.Superimposed on the Shottky anomaly is a feature in the spei� heat dueto the onset of superondutivity at T = 1:85 K whih is also observed asan abrupt drop in �(T ) to zero and as a sharp onset of diamagnetism in�(T ). The feature in C(T )=T due to the superondutivity is also shown



A New Heavy Fermion Superondutor . . . 921in the top inset of Fig. 1 along with an entropy onserving onstrutionfrom whih the ratio of the jump in spei� heat �C at T, �C=T = 632mJ/mol K2, has been estimated. Using the BCS relation �C=T = 1:43,this yields a value for  of 440 mJ/mol K2. The value of �C=T is largerthan that reported in Ref. [2℄ due to the orretion of the C(T ) data for theexess Sb (about 30 perent of the total mass). This value is omparable tothat inferred from the �t to the C=T vs T data in the normal state aboveT, and indiative of heavy fermion behavior. A similar analysis of theC(T ) data taken at the University of Karlsruhe on several single rystals ofPrOs4Sb12 prepared in our laboratory yielded  = 313 mJ/mol K2, �D = 165K, � = 7 K, and �C=T � 3, muh higher than the BCS value of 1:43 andindiative of strong oupling e�ets [6℄. It is interesting that we also �nda large value of �C=T � 3 in reent C(T ) measurements on one singlerystal of PrOs4Sb12 at UCSD. Although the values of  determined fromthese experiments vary somewhat, they are all indiative of a heavy eletronground state and an e�etive mass m� � 50 me.
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Fig. 1. Spei� heat C divided by temperature T , C=T , vs T for a PrOs4Sb12pressed pellet. The line represents a �t of the sum of eletroni, lattie, andShottky ontributions to the data. Upper inset: Ce=T vs T near T for a PrOs4Sb12pressed pellet (Ce is the eletroni ontribution to C). Lower inset: C=T vs T nearT for PrOs4Sb12 single rystals, showing the struture in �C near T. Data fromRef. [1, 2℄.



922 M.B. Maple et al.Further evidene of heavy fermion superondutivity is provided by theupper ritial �eld H2 vs T urve whih is shown in Fig. 2 [2, 3℄. Theorbital ritial �eld H�2(0) an be derived from the slope of the H2 urvenear T and used to estimate the superonduting oherene length �0 �116 Å via the relation H�2(0) = �0=2��20 , where �0 is the �ux quantum. TheFermi veloity vF an be obtained from the BCS relation �0 = 0:18~vF=kBTand used to determine the e�etive mass m� by means of the expressionm� = ~kF=vF. Using a simple free eletron model to estimate the Fermiwave vetor kF, an e�etive mass m� � 50 me is obtained [2,3℄. Calulating fromm� yields  � 350 mJ/mol K2, providing further evidene for a heavyfermion state in PrOs4Sb12.
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Fig. 2. Magneti �eld�temperature (H�T ) phase diagram of PrOs4Sb12 showingthe regions exhibiting superondutivity (SC) and the high �eld ordered phase(HFOP). The dashed line is a measure of the splitting between the Pr3+ �3 groundstate and �5 exited state (see text for further details). Data from Refs. [3,4,6,7,23℄.Reently, Sugawara et al. [10℄ performed de Haas�van Alphen e�etmeasurements on PrOs4Sb12. They found that the topology of the Fermisurfae is lose to that of the referene ompound LaOs4Sb12 and is explainedwell by band struture alulations. In ontrast to the similarity in theFermi surfae topologies of PrOs4Sb12 and LaOs4Sb12, the ylotron e�etivemasses m� of PrOs4Sb12 are up to � 6 times enhaned ompared to those ofLaOs4Sb12. The Sommerfeld oe�ient  estimated from the Fermi surfae



A New Heavy Fermion Superondutor . . . 923volume and the value of m� , assuming a spherial Fermi surfae, is � 150mJ/mol K2, whih is two to three times smaller than the value of  inferredfrom the normal and superonduting properties of PrOs4Sb12. Our studiesof LaOs4Sb12 single rystals reveal superondutivity with a T of 1 K.3. The Pr3+ energy level sheme in the rystalline eletri �eldMagneti suseptibility �(T ) data between � 1 K and room temperaturefor PrOs4Sb12 from Ref. [2℄ are shown in Fig. 3. These �(T ) data have beenorreted for exess Sb by assuming the e�etive moment �e� was equalto the full Hund's rule value of 3:6 �B. This led to an estimation of themass of the exess Sb to be � 25% of the total mass. The �(T ) dataexhibit a peak at � 3 K and saturate to a value of � 0:11 m3/mol asT ! 0, indiative of a nonmagneti ground state. At temperatures above� 5 K, �(T ) is strongly T -dependent, as expeted for well de�ned Pr3+magneti moments. In the analysis of the �(T ) data, interations betweenPr3+ ions and hybridization of the Pr 4f and ondution eletron states werenegleted, while the degeneray of the Hund's rule multiplet of the Pr3+ions was assumed to be lifted by a ubi rystalline eletri �eld (CEF)and to have a nonmagneti ground state. Aording to Lea, Leask, andWolf [11℄, in a ubi CEF, the Pr3+J = 4 Hund's rule multiplet splits intoa �1 singlet, a �3 nonmagneti doublet that arries an eletri quadrupolemoment, and �4 and �5 triplets. It was assumed that the nonmagnetiground state of the Pr3+ ions orresponds to either a �1 singlet or a �3nonmagneti doublet [2℄. Although reasonable �ts to the �(T ) data ouldbe obtained for both �1 and �3 ground states, as shown in Fig. 3, the mostsatisfatory �t was obtained for a �3 nonmagneti doublet ground statewith a �5 �rst exited triplet state at 11 K and �4 and �1 exited states at130 K and 313 K, respetively (see the inset to Fig. 3). Inelasti neutronsattering measurements on PrOs4Sb12 [3℄ reveal peaks in the INS spetrumat 0:71 meV (8:2 K) and 11:5 meV (133 K) that appear to be assoiatedwith transitions between the �3 ground state and the �5 �rst and �4 seondexited states, respetively, that are in good agreement with the Pr3+ CEFenergy level sheme determined from the analysis of the �(T ) data. Asnoted above, the Shottky anomaly in the C(T ) data on PrOs4Sb12 takenat UCSD and at the University of Karlsruhe [6℄ an be desribed well by atwo level system onsisting of a doublet ground state and a low lying tripletexited state with a splitting of � 7 K, a value that is omparable to thevalues dedued from the �(T ) and INS data. However, a �1 ground stateannot, at this point, be ompletely exluded.
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 m K2(mJ/mol)�2℄ 2 that is onsistent with the Kadowaki�Woods re-lation [12℄. In ontrast, �(T ) of PrOs4Sb12, shown in Fig. 4 [1, 2℄, exhibitstypial metalli behavior with negative urvature at higher temperaturesand a pronouned `roll o�' below � 8 K before it vanishes abruptly whenthe ompound beomes superonduting (upper inset of Fig. 4). The tem-perature of the `roll o�' in �(T ) is lose to that of the derease in harge orspin dependent sattering due to the derease in population of the proposed�rst exited state (�5) as the temperature is lowered. The �(T ) data areshown in the lower inset of Fig. 4 and an be desribed by a temperaturedependene of the form AT 2 between � 8 K and 45 K, but with a prefatorA � 0:009 �
 m/K2 that is nearly two orders of magnitude smaller thanthat expeted from the Kadowaki-Woods relation (A � 1:2 �
 m/K2 for � 350 mJ/mol K2) [12℄. Interestingly, �(T ) is onsistent with T 2 behavior



A New Heavy Fermion Superondutor . . . 925with a value A � 1 �
 m/K2 in �elds of � 5 T [4℄ in the high �eld orderedphase disussed in Setion 5. The zero-�eld temperature dependene of �(T )is similar to that observed for the ompound PrInAg2, whih also has a lowvalue of the oe�ient A, an enormous  of � 6:5 J/mol K2, and a �3 non-magneti doublet ground state [13℄. The ompounds PrOs4Sb12, PrInAg2,and another Pr-based skutterudite, PrFe4P12 [14℄, may belong to a new lassof heavy fermion ompounds in whih the heavy fermion state is produed byeletri quadrupole �utuations. In ontrast, magneti dipole �utuationsare widely believed to be responsible for the heavy fermion state in mostCe and U heavy fermion ompounds (with the possible exeption of ertainU ompounds suh as UBe13). Another possible soure of the enhaned ef-fetive mass in PrOs4Sb12 may involve exitations from the ground state tothe low lying �rst exited state in the Pr3+ CEF energy level sheme [15℄.
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926 M.B. Maple et al.for H jj [100℄, while �3 exhibited a minimum and then inreased down to thelowest temperature of the measurement (T = 1:8 K), for H jj [111℄. Com-parison with alulations based on the quadrupolar Anderson�Hamiltonianprovided a qualitative desription of the �3(T ) data for H jj [100℄, but didnot desribe the �3(T ) data well for H jj [111℄. It was onluded that thedata were qualitatively onsistent with a �3 ground state, given the limitsof the experiment and the omplexity of the theory. On the other hand, astudy by Tenya et al. [8℄ found �3(T ) to be nearly isotropi. It was on-luded that the a �1 ground state ould not be ruled out on the basis of thisexperiment. However, it should be noted that these �3(T ) studies are dif-�ult to interpret beause of the urvature of M(H) and the ompliationsthat arise at lower temperatures T � T and lower �elds H � H2 due to thesuperondutivity and at temperatures T � 2 K and higher �elds H � 4:5 Kby the onset of the high �eld ordered phase, disussed in Setion 5.4. Superonduting stateSeveral features in the superonduting properties of PrOs4Sb12 indiatethat the superondutivity of this ompound is unonventional in nature.First, Cs(T ) follows a power law T -dependene, Cs(T ) � T 2:5, after theShottky anomaly and �T 3 lattie ontributions have been subtrated fromthe C(T ) data. As reported in Ref. [3℄, Cs(T ) follows a power law withCs(T ) � T 3:9 when the Shottky anomaly is not subtrated. Seond, thereis a `double-step' struture in the jump in C(T ) near T in single rystals(lower inset of Fig. 1) that suggests two distint superonduting phases withdi�erent T's: T1 � 1:70 K and T2 � 1:85 K [3, 6℄. This struture is notevident in the C(T ) data taken on the pressed pellet of PrOs4Sb12 shownin the upper inset of Fig. 1, possibly due to strains in the single rystalsout of whih the pressed pellet is omprised that broaden the transitions atT1 and T2 so that they overlap and beome indistinguishable. However,at this point, it is not lear whether these two apparent jumps in C(T ) areassoiated with two distint superonduting phases or are due to sampleinhomogeneity. It is noteworthy that all of the single rystal speimens pre-pared in our laboratory and investigated by our group and our ollaboratorsexhibit this `double-step' struture. Multiple superonduting transitions,apparently assoiated with distint superonduting phases, have previouslybeen observed in two other heavy fermion superondutors, UPt3 [19℄ andU1�xThxBe13 (0:1 � x � 0:35) [20℄. Measurements of the spei� heat inmagneti �elds reveal that the two superonduting features shift downwardin temperature at nearly the same rate with inreasing �eld, onsistent withthe smooth temperature dependene of the H2(T ) urve [6℄. These twotransitions have also been observed in thermal expansion measurements [7℄,



A New Heavy Fermion Superondutor . . . 927whih, from the Ehrenfest relation, reveal that T1 and T2 have di�erentpressure dependenies, suggesting that they are assoiated with two distintsuperonduting phases.Reent transverse �eld �SR [21℄ and Sb-NQR measurements [22℄ onPrOs4Sb12 are onsistent with an isotropi energy gap. Along with the spe-i� heat, these measurements indiate strong oupling superondutivity.These �ndings suggest an s-wave, or, perhaps, a Balian�Werthamer p-waveorder parameter. On the other hand, the superonduting gap struture ofPrOs4Sb12 was investigated by means of thermal ondutivity measurementsin magneti �elds rotated relative to the rystallographi axes by Izawaet al. [5℄. These measurements reveal two regions in the H�T plane, a low�eld region in whih �(k) has two point nodes, and a high �eld region where�(k) has six point nodes. The line lying between the low and high �eld su-peronduting phases may be assoiated with the transition at T2, whereasthe line between the high �eld phase and the normal phase, H2(T ), on-verges with T1 as H ! 0. Clearly, more researh will be required to furthereluidate the nature of the superonduting state in PrOs4Sb12.5. High �eld ordered phaseEvidene for a high �eld ordered phase was �rst derived from magne-toresistane measurements in the temperature range 80 mK � T � 2 K andmagneti �elds up to 9 tesla [3,23℄. The H�T phase diagram, depiting thesuperonduting region and the high �eld ordered phase is shown in Fig. 2.The line that intersets the high �eld ordered state represents the in�etionpoint of the `roll-o�' in �(T ) at low temperatures and is a measure of thesplitting between the Pr3+ ground state and the �rst exited state, whihdereases with �eld (see Fig. 4). The high �eld ordered phase has also beenobserved by means of large peaks in the spei� heat [6, 9℄ and thermal ex-pansion [7℄ and kinks in magnetization vs magneti �eld urves [8, 23℄ inmagneti �elds > 4:5 T and temperatures < 1:5 K.Shown in Fig. 5 are �(T ) data for various magneti �elds up to 9 Tfor PrOs4Sb12, whih reveal drops in �(T ) due to the superondutivity forH � 2:3 T and features in �(T ) assoiated with the onset of the high �eldordered phase for H � 4:5 T. Isotherms of eletrial resistane R vs H andmagnetization M vs H are shown in Figs. 6(a) and 6(b), respetively. The�elds denoting the boundaries of the high �eld ordered phase, H�1 and H�2 ,are indiated in the �gure.
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A New Heavy Fermion Superondutor . . . 9296. SummaryExperiments on the �lled skutterudite ompound PrOs4Sb12 have re-vealed a number of extraordinary phenomena: a heavy fermion state hara-terized by an e�etive mass m� � 50 me, unonventional superondutivitybelow T = 1:85 K with two distint superonduting phases, and a high�eld ordered phase, presumably assoiated with magneti or eletri quad-rupolar order. Analysis of �(T ), C(T ), �(T ), and INS data indiate thatPr3+ has a nonmagneti �3 doublet ground state that arries an eletriquadrupole moment, a low lying �5 triplet exited state at � 10 K, and �4triplet and �1 singlet exited states at muh higher energies. This suggeststhat the interation between the quadrupole moments of the Pr3+ ions andthe harges of the ondution eletrons, as well as the exitations betweenthe �3 ground state and �5 low lying exited state may play an importantrole in generating the heavy fermion state and superondutivity in thisompound. The heavy fermion state and unonventional superondutivitywill onstitute a signi�ant hallenge for theoretial desription [24℄.This researh was supported by US DOE Grant No. DE-FG03-86ER-45230, US NSF Grant No. DMR-00-72125, and the NEDO InternationalJoint Researh Program. REFERENCES[1℄ M.B. Maple, E.D. Bauer, V.S. Zapf, E.J. Freeman, N.A. Frederik,R.P. Dikey, Ata Phys. Pol. B 32, 3291 (2001).[2℄ E.D. Bauer, N.A. Frederik, P.-C. Ho, V.S. Zapf, M.B. Maple, Phys. Rev.B65, 100506(R) (2002).[3℄ M.B. Maple, P.-C. Ho, V.S. Zapf, N.A. Frederik, E.D. Bauer, W.M. Yuhasz,F.M. Woodward, J.W. Lynn, J. Phys. So. Jpn. 71, Suppl. 23 (2002).[4℄ P.-C. Ho, V.S. Zapf, E.D. Bauer, N.A. Frederik, M.B. Maple, G. Geister,P. Rogl, St. Berger, Ch. Paul, E. Bauer, in Physial Phenomena at High Mag-neti Fields � IV, G. Boebinger, Z. Fisk, L.P. Gor'kov, A. Laerda, andJ.R. Shrie�er, eds., World Sienti�, Singapore 2001, pp. 98�103.[5℄ K. Izawa, Y. Nakajima, J. Goryo, Y. Matsuda, S. Osaki, H. Sugawara, H. Sato,P. Thalmeier, K. Maki, ond-mat/0209553.[6℄ R. Vollmer, A. Fai�t, C. P�eiderer, H. v.Löhneysen, E.D. Bauer, P.-C. Ho,M.B. Maple, ond-mat/02007225.[7℄ N. Oeshler, P. Gegenwart, F. Steglih, N.A. Frederik, E.D. Bauer,M.B. Maple, these proeedings.[8℄ K. Tenya, N. Oeshler, P. Gegenwart, F. Steglih, N.A. Frederik, E.D. Bauer,M.B. Maple, in LT23 (2002).
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