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SUPERCONDUCTIVITY NEAR QUANTUM CRITICALPOINTS IN f-ELECTRON MATERIALS�M.B. Maple, E.D. Bauer, V.S. Zapf, E.J. FreemanN.A. Frederik, and R.P. DikeyDepartment of Physis and Institute for Pure and Applied Physial SienesUniversity of California, San Diego, La Jolla, California 92093, USA(Reeived June 21, 2001)Reent experiments on single rystals of the ompounds CeRh1�xCoxIn5and PrOs4Sb12 are brie�y reviewed. The temperature-omposition (T �x)phase diagram of the heavy fermion pseudoternary system CeRh1�xCoxIn5,delineating the regions in whih superondutivity, antiferromagnetism,and the oexistene of these two phenomena our, has been established.Superondutivity has been observed in single rystals of the �lled skut-terudite ompound PrOs4Sb12 below T = 1.85 K and appears to involveheavy fermion quasipartiles with an e�etive mass m� � 50me, where meis the mass of the free eletron.PACS numbers: 71.27.+a, 74.70.Tx, 74.25.Dw, 74.10.+v1. IntrodutionInterest in Non-Fermi Liquid (NFL) behavior in strongly orrelatedf -eletron materials has steadily inreased during the past deade [1℄. TheNFL behavior has been identi�ed in ertain intermetalli ompounds on-taining lanthanide and atinide ions with partially-�lled f -eletron shells(Ce, Yb, and U, to date). These ions arry magneti dipole or eletriquadrupole moments that interat with the spins and harges of the on-dution eletrons and an undergo magneti or quadrupolar ordering at lowtemperatures. NFL behavior was �rst established in hemially substitutedf -eletron ompounds ontaining nonmagneti substituents [2�4℄, but hassine been observed in a number of stoihiometri f -eletron ompounds aswell [5�7℄. The NFL behavior in these f -eletron materials is manifested asweak power law or logarithmi divergenes in temperature of the physial� Presented at the XII Shool of Modern Physis on Phase Transitions and CritialPhenomena, L¡dek Zdrój, Poland, June 21-24, 2001.(3291)



3292 M.B. Maple et al.properties at low temperatures. For many of these f -eletron materials, theeletrial resistivity �(T ), spei� heat C(T ), and magneti suseptibility�(T ) have the following NFL temperature dependenes for T � T0 [2�4℄:(i) �(T ) � 1� a(T=T0)n where jaj � 1, a < 0 or > 0, and n � 1� 1:5;(ii) C(T )=T � (�1=T0)ln(T=T0), or � T�1+�; and(iii) �(T ) � 1�(T=T0)1=2, � (�1=T0)ln(T=T0), or � T�1+� (� � 0:7�0:8).In several of the f -eletron systems, the harateristi temperature T0an be identi�ed with the Kondo temperature TK. These NFL harateris-tis are found in both hemially substituted and stoihiometri ompounds,indiating that the underlying physis is not primarily driven by atomi dis-order. Experiments on a variety of f -eletron systems suggest that thereare two routes to NFL behavior in these materials, a single ion route, in-volving an unonventional Kondo e�et, and an inter-ioni interation routeassoiated with order parameter �utuations in the viinity of a seond or-der magneti (or, possibly, quadrupolar) phase transition that has beensuppressed to T = 0 K (Quantum Critial Point � QCP) [4�7℄. One ofthe most interesting reent developments in this �eld is the observation ofpressure-indued superondutivity in several f -eletron materials within anarrow pressure range in the viinity of the ritial pressure P at whihthe magneti ordering temperature is suppressed to 0 K (magneti QCP).For example, superondutivity has been observed in single rystal spei-mens of the AntiFerroMagneti (AFM) ompounds CeIn3 and CePd2Si2 [6℄at pressures in the viinity of P where the Néel temperature TN vanishes(� 26 kbar for both ompounds) and in both single rystal [8℄ and polyrys-talline [9℄ speimens of the FerroMagneti (FM) ompound UGe2 within theFM phase at pressures below P where the Curie temperature TC vanishes(� 16 kbar). These experiments suggest that magneti interations mayplay an important role in the pairing of superonduting eletrons in thesematerials.In this paper, we brie�y desribe reent experiments arried out in ourlaboratory on two f -eletron systems that were motivated by the possibleonnetion between heavy fermion superondutivity and magneti QCP'ssuggested by the aforementioned experiments. The two f -eletron sys-tems investigated are the pseudoternary system CeRh1�xCoxIn5, in whihthe Néel temperature vanishes at a ritial onentration near x � 0:8(AFM QCP), and the �lled skutterudite ompound PrOs4Sb12 whih ap-parently does not exhibit magneti or quadrupolar order down to � 60 mKand may be loated near a magneti or quadrupolar QCP.



Superondutivity Near Quantum Critial Points in f-Eletron Materials 32932. Superondutivity and magnetism in the pseudoternarysystem CeRh1�xCoxIn5A new lass of Ce-based heavy fermion materials with the formulaCenTmIn3n+2m (T = Co, Rh, Ir; n = 1; 2; m = 0; 1) has reently been dis-overed [10℄. These ompounds display a variety of interesting phenomenainluding superondutivity (SC), pressure-indued SC, and antiferromag-netism (AFM). The ompound CeRhIn5 displays AFM with TN = 3:8K,while CeCoIn5 and CeIrIn5 exhibit SC with T's of 2.3 K and 0.4 K, re-spetively [11�13℄. The CeTIn5 ompounds an be viewed as derivatives ofthe CeIn3 struture, in whih layers of TIn2 and CeIn3 are staked alongthe -axis. The parent ompound CeIn3 exhibits AFM with TN � 10 K atatmospheri pressure; upon appliation of pressure to CeIn3, TN dereasesand SC with a maximum T � 0:2 K ours in a narrow range of pres-sures around P � 26 kbar where TN ! 0 K [6℄. Reently, we investigatedthe interplay between SC and AFM in single rystal speimens of the pseu-doternary system CeRh1�xCoxIn5 grown in our laboratory using a moltenindium �ux tehnique [14℄. One of the objetives of this study was to om-pare the behavior of T(x) in the CeRh1�xCoxIn5 system to T(P ) in CeIn3in the viinity of the ritial onentration x and pressure P where TNvanishes (the AFM QCP).Shown in Fig. 1 are plots of the spei� heat C divided by temper-ature T , C=T , vs T for samples of CeRh1�xCoxIn5 with Co onentra-tions in the range 0:2 � x � 1. The peaks at 1�2 K for samples with0:4 � x � 1 are assoiated with the onset of SC, while the peaks atT � 3�4 K for 0:2 � x � 0:6 mark the onset of AFM. For the samples with0:4 � x � 0:6, there are two peaks in the spei� heat data, indiating theoexistene of SC and AFM. The sample with x = 0:4 shows a double peak atT � 1:7 K whih ould be indiative of two slightly di�erent Co onentra-tions. The entropy under the antiferromagneti peaks is muh less thanR ln 2, suggesting that the ordered moment is being sreened by the Kondoe�et. The total entropy at � 7 K is very similar for all of the sampleswith the exeption of the CeCoIn5 end member whih implies that the sameheavy eletrons are involved in both the SC and the AFM.The T�x phase diagram of the CeRh1�xCoxIn5 system is shown in Fig. 2.The values of TN and T, determined from measurements of C(T ) shown inFig. 1 and features in �(T ) and �(T ) (not shown), are plotted as a funtionof Co onentration x. The Néel temperature TN remains roughly onstantat � 3:7 K for 0 � x � 0:4. The values of TN determined from �(T ) andC(T ) are in good agreement, while the values determined from �(T ) are0.2�0.4 K higher. For onentrations in the range 0:4 � x � 0:6, TN deter-mined from C(T ) drops from � 3:7 K to � 2:9 K. The resistive transition
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Fig. 1. Spei� heat C divided by temperature T as a funtion of T for samples ofCeRh1�xCoxIn5 with 0:2 � x � 1. From Ref. [14℄.
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Superondutivity Near Quantum Critial Points in f-Eletron Materials 3295beomes broader at x = 0:5 and the transitions in both �(T ) and �(T ) anno longer be distinguished for x > 0:5. By x = 0:8, there is no evidene ofan antiferromagneti transition down to T = 0:5 K in the spei� heat data.Superondutivity is observed in �(T ), C(T ), and �(T ) for samples with0:4 � x � 1. The value of T remains roughly onstant for onentrationsin the range 0:4 � x � 0:6, and SC appears to oexist with AFM. Betweenx = 0:8 and x = 1, T inreases from 1.6 K to 2.3 K.The SC observed in CeRh1�xCoxIn5 for 0:4 � x � 1:0 appears tobe non s-wave in nature, whih is typial for heavy fermion superondu-tors [15℄. The temperature dependene of C(T ) below T varies as a powerlaw C=T = A + BT n with n � 2 for all of the samples in whih super-ondutivity is observed. A power law dependene of C(T ) below T haspreviously been observed in CeCoIn5 with n � 2. For the superondutorsCeIrIn5 and CeCoIn5 at ambient pressure, and CeRhIn5 under 27 kbar ofpressure, there is additional evidene for a non s-wave order parameter from115In NQR measurements [16, 17℄. These measurements reveal a power lawT -dependene of 1=T1 below T with a power law exponent n � 3, and theabsene of a Hebel�Shlihter oherene peak below T.It is interesting that in the CeRh1�xCoxIn5 ompounds, whih displaythe oexistene of SC and AFM, T remains roughly onstant while TN varieswith Co onentration and appears to vanish at a ritial onentration nearx � 0:8 at whih there is presumably an AFM QCP. This indiates thatthe superonduting gap is unhanged by the presene of the AFM. Thisrelatively weak dependene of T on x in the viinity of x where TN appearsto vanish in the CeRh1�xCoxIn5 system is in marked ontrast to the narrowpeak in T(P ) in the viinity of P where TN is suppressed to zero in theparent ompound CeIn3.The results of our investigation on the CeRh1�xCoxIn5 system are verysimilar to those obtained by Pagliuso et al. [18℄ on the CeRh1�xIrxIn5 systemin whih oexistene of SC and AFM is found in the range 0:3 � x � 0:6.2.1. Superondutivity and heavy fermion behavior of the �lled skutteruditeompound PrOs4Sb12The �lled skutterudite ompounds have the formula MT4X12 (M =alkaline earth, lanthanide, atinide; T = Fe, Ru, Os; X = P, As, Sb). Theseompounds exhibit a variety of strongly orrelated eletron phenomena andground states, inluding superondutivity (e.g., LaFe4P12, LaRu4Sb12), fer-romagnetism (e.g., UFe4P12, SmFe4Sb12), �hybridization gap� semiondu-tivity (or �Kondo insulator� behavior) (e.g., CeFe4P12, UFe4P12), valene�utuation/heavy fermion behavior (e.g., CeFe4Sb12, YbFe4Sb12), non-



3296 M.B. Maple et al.Fermi liquid behavior (e.g., CeRu4Sb12), and metal-insulator transitions(e.g., PrRu4P12) [19℄. These materials are also of interest beause of theirpotential for thermoeletri appliations [20℄.In our reent investigations of �lled skutterudite ompounds, we havefound that PrOs4Sb12 exhibits SC with a T = 1:85 K [21℄. What is parti-ularly interesting is that the SC appears to involve heavy fermion quasipar-tiles with an e�etive mass m� � 50me, where me is the mass of the freeeletron, as inferred from the jump in the spei� heat at T, the initial slopeof the upper ritial �eld H2 near T, and the normal state eletroni spe-i� heat oe�ient  [21℄. Thermodynami measurements indiate that theground state of the Pr3+ ions in the ubi Crystalline Eletri Field (CEF)is probably a � 3 nonmagneti doublet whih arries an eletri quadrupolemoment, suggesting that the heavy fermion state in PrOs4Sb12 may be as-soiated with sreening of the Pr3+ �3 quadrupole moments by the hargesof the ondution eletrons.Shown in Fig. 3 is a plot of C=T vs T for PrOs4Sb12 between 0.7 Kand 20 K. Between � 8 K and 20 K, the data an be �tted by the sumof a Debye lattie ontribution Cl = �T 3 and an eletroni ontributionCe = T , where the value of � orresponds to a Debye temperature of 259K and  = 750 mJ/mol K2, typial of a heavy fermion metal. At temper-atures below � 8 K, there is a pronouned Shottky anomaly with a peak
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Fig. 3. Spei� heat C divided by temperature T vs T for PrOs4Sb12 between 0.7K and 20 K. Inset: Expanded view of the superonduting spei� heat jump atT. The solid lines are an equal entropy onstrution that yields �C=T � 500mJ/mol K2.



Superondutivity Near Quantum Critial Points in f-Eletron Materials 3297near � 3 K. Superimposed on this anomaly is a spei� heat jump assoiatedwith the onset of superondutivity at T � 1:75 K. The spei� heat jump�C is displayed in the upper inset of the Fig. 3 in whih an entropy on-serving onstrution has been made whih yields �C=T � 500 mJ/mol K2.Sine the mirosopi theory of superondutivity predits that �C � T(�C = 1:43T for the weak oupling BCS theory), this indiates that thesuperondutivity is a bulk phenomenon and that it involves the same heavyfermion quasipartiles that are responsible for the large value of  inferredfrom the normal state spei� heat.The eletroni spei� heat of PrOs4Sb12, �C, whih is alulated bysubtrating the lattie ontribution of the isostrutural ompound LaOs4Sb12,an be �t by a Shottky anomaly for a system of two levels with equal degen-eray split by 6.6 K and an eletroni term 0T with 0 = 570 mJ/mol K2.Shown in Fig. 4 is a plot of � vs T whih reveals that �(T ) exhibits amaximum at � 3 K, below whih it dereases and approahes a �nite valueas T ! 0 K, indiative of a nonmagneti ground state. The upper mostinset shows that � undergoes an abrupt derease at the superondutingtransition, while the lower most inset shows that �(T ) follows a Curie�Weiss law between 50 K and room temperature with an e�etive moment�e� = 2:97�B and a Curie�Weiss temperature �CW = �16 K.
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3298 M.B. Maple et al.A alulation of �(T ) for a single Pr3+ ion in a ubi CEF based on thetheory of Lea, Leask, and Wolf (LLW) [22℄ provides a reasonable desriptionof the � vs T data shown in Fig. 4. In a ubi CEF, the J = 4 Hund'srule multiplet of Pr3+ is split into a �1 singlet, a �3 doublet, and �4 and�5 triplets. Aording to the LLW theory, the CEF Hamiltonian in ubisymmetry an be expressed in terms of a parameter x, the ratio of the fourthto the sixth order terms of the angular momentum operators, and an overallsale fatorW . For the alulation of �(T ), the Pr3+ ground state was takento be either a �1 singlet (W > 0) or a �3 doublet (W < 0), in aordanewith the nonmagneti behavior of Pr3+ in this ompound. The best overall�t to the data orresponds to the �3 ground state with �5, �4, and �1 exitedstates at respetive temperatures of 11 K, 139 K, and 313 K above the �3ground state.Eletrial resistivity � vs T data for PrOs4Sb12, shown in Fig. 5, revealtypial metalli behavior. Below 7 K, �(T ) dereases by nearly 50% relativeto its value at 7 K and then drops abruptly to zero at T, as shown in theupper inset of Fig. 5. The derease in �(T ) below 7 K is apparently dueto the derease of sattering of ondution eletrons by eletri quadrupoleor magneti dipole moments assoiated with thermal depopulation of a lowlying Pr3+ energy level in the CEF. This is onsistent with the Shottkyanomaly in C(T )=T and the peak in �(T ) near 3 K. Between 8.5 K and 45K, �(T ) exhibits T 2 behavior, as shown in the lower inset of Fig. 5, onsistentwith Fermi liquid behavior. However, the oe�ient A = 0:009�
 m/K2of the T 2 term in �(T ) (i.e., �(T ) = �0 + AT 2) is nearly two orders ofmagnitude smaller than the value expeted for a heavy fermion ompoundwith a  of 500 mJ/mol K2 (for heavy fermion ompounds, the Kadowaki�Woods relation [23℄ A=2 = 1� 10�5 �
 m (mol K/mJ)2 is usually satis-�ed). Moreover, the overall shape of the �(T ) urve does not resemble thatof a typial heavy fermion ompound, for whih �(T ) is only weakly temper-ature dependent, often inreasing with dereasing temperature, reminisentof the Kondo e�et, above a harateristi �oherene temperature�, belowwhih �(T ) dereases rapidly and then saturates as T 2 at low temperatureas the heavy Fermi liquid ground state develops. It is noteworthy that thegeneral shape of the �(T ) urve of PrOs4Sb12 is similar to that of PrInAg2,in whih quadrupolar �utuations assoiated with a �3 ground state are sus-peted to be responsible for the enormous eletroni spei� heat oe�ient � 6:5 J/mol K2 observed for that material [24℄. Another possibility is thata T 2 term of magnitude omparable to that expeted from the Kadowaki-Woods relation is obsured by the derease in sattering below 7 K andSC below 1.8 K. Measurements of �(T ) in magneti �elds high enough tosuppress SC indiate the existene of a low temperature region in whih�(T ) has a strong power law dependene whih an be best desribed as�(T ) = BT 3 with B = 0:88�
 m/K3 in the range 0:1 K � T � 1:1 K.



Superondutivity Near Quantum Critial Points in f-Eletron Materials 3299

0 50 100 150 200 250 300
0

50

100

150

200

T (K)

0 5 10 15
0

5

10

15

PrOs
4
Sb

12

T
C
 = 1.86 K

0 500 1000 1500 2000 2500
0

10

20

30

T
2
 (K

2
)

ρ(T) = ρ
0
 + AT

2

A = 0.009 µΩcm/K
2

T (K)

 ρ
( 

µ
Ω

 c
m

)
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3300 M.B. Maple et al.2.2. SummaryThe temperature-omposition (T�x) phase diagram of the heavy fermionpseudoternary system CeRh1�xCoxIn5 has been determined from experi-ments on CeRh1�xCoxIn5 single rystals. The experiments reveal that su-perondutivity and antiferromagneti order oexist over a range of Co on-entrations 0:4 � x � 0:6. The relatively weak variation of T with x inthe viinity of x � 0:8 where TN appears to vanish in the CeRh1�xCoxIn5system is in marked ontrast to the narrow peak in T(P ) in the viin-ity of P, where TN is suppressed to zero in the parent ompound CeIn3.Superondutivity has been observed in single rystals of the �lled skutteru-dite ompound PrOs4Sb12 below T = 1:85 K and appears to involve heavyfermion quasipartiles with an e�etive mass m� � 50me, where me is themass of the free eletron. It is possible that the heavy fermion state is gener-ated by the sreening of the Pr3+ �3 quadrupole moments by the harges ofthe ondution eletrons. The apparent absene of magneti or quadrupolarorder in PrOs4Sb12 down to � 60 mK suggests that this ompound may bein the proximity of a QCP.This researh was supported by the U.S. Department of Energy underGrant No. DE FG03-86ER-45230, the National Siene Foundation underGrant No. DMR00-72125, and the NEDO International Joint Researh Pro-gram. REFERENCES[1℄ See, for example, artiles in Proeedings of the Conferene on Non-Fermi Liq-uid Behavior in Metals, Santa Barbara, California 1996, edited by P. Coleman,M.B. Maple, A.J. Millis, J. Phys.: Condens. Matter 8 (1996).[2℄ M.B. Maple, M.C. de Andrade, J. Herrmann, Y. Dalihaouh, D.A. Gajewski,C.L. Seaman, R. Chau, R. Movshovih, M.C. Aronson, R. Osborn, J. LowTemp. Phys. 99, 223 (1995).[3℄ H. v. Löhneysen, J. Phys.: Condens. Matter 8, 9689 (1996).[4℄ M.B. Maple, in Some Modern Aspets of the Physis of Strongly CorrelatedEletron Systems, eds. F.G. Aliev, J.C. Gomez-Sal, H. Suderow, R. Villar,Universidad Autonoma de Madrid, Madrid, Spain 2001, p. 39.[5℄ F. Steglih, B. Bushinger, P. Gegenwart, M. Lohnmann, R. Helfrih, C. Lang-hammer, P. Hellmann, L. Donnevert, S. Thomas, A. Link, C. Geibel, M. Lang,G. Sparn, W. Assmus, J. Phys.: Condens. Matter 8, 9909 (1996).[6℄ S.R. Julian, F.V. Carter, F.M. Groshe, R.K.W. Haselwimmer, S.J. Lis-ter, N.D. Mathur, G.J. MMullan, C. P�eiderer, S.S. Saxena, I.R. Walker,N.J.W. Wilson, G.G. Lonzarih, J. Magn. Magn. Mat. 177-181, 265 (1998).
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