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A NEW HEAVY FERMION SUPERCONDUCTOR:THE FILLED SKUTTERUDITE COMPOUND PrOs4Sb12�M.B. Maple, P.-C. Ho, N.A. Frederi
k, V.S. Zapf, W.M. Yuhasz,and E.D. BauerDepartment of Physi
s and Institute for Pure and Applied Physi
al S
ien
esUniversity of California, San Diego, La Jolla, CA 92093, USA(Re
eived July 10, 2002)The �lled skutterudite 
ompound PrOs4Sb12 exhibits super
ondu
tiv-ity below a 
riti
al temperature T
 = 1:85 K that develops out of a non-magneti
 heavy Fermi liquid with an e�e
tive mass m� � 50 me, whereme is the free ele
tron mass. Analysis of magneti
 sus
eptibility, spe
i�
heat, ele
tri
al resistivity and inelasti
 neutron s
attering measurementswithin the 
ontext of a 
ubi
 
rystalline ele
tri
 �eld yields a Pr3+ energylevel s
heme that 
onsists of a �3 nonmagneti
 doublet ground state that
arries an ele
tri
 quadrupole moment, a low lying �5 triplet ex
ited stateat � 10 K, and �4 triplet and �1 singlet ex
ited states at mu
h highertemperatures. The super
ondu
ting state appears to be un
onventionaland to 
onsist of two distin
t super
ondu
ting phases. An ordered phaseof magneti
 or quadrupolar origin o

urs at high �elds and low tempera-tures, suggesting that the super
ondu
tivity may o

ur in the vi
inity of amagneti
 or ele
tri
 quadrupolar quantum 
riti
al point.PACS numbers: 71.20.Eh, 71.27.+a, 74.70.Tx, 75.30.Mb1. Introdu
tionThe �lled skutterudite 
ompound PrOs4Sb12 has been reported to ex-hibit super
ondu
tivity below a 
riti
al temperature T
 = 1:85 K that devel-ops out of a heavy Fermi liquid with an e�e
tive mass m� � 50 me, whereme is the free ele
tron mass [1�4℄ . To our knowledge, PrOs4Sb12 is the �rstheavy fermion super
ondu
tor based on Pr; all of the other known heavyfermion super
ondu
tors (about 20) are 
ompounds of Ce or U. The super-
ondu
ting state appears to be un
onventional in nature and may 
onsist oftwo distin
t super
ondu
ting phases [3, 5℄. An ordered phase, presumably� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(919)



920 M.B. Maple et al.of magneti
 or quadrupolar origin, o

urs at high �elds > 4:5 T and lowtemperatures < 1:5 K [3,4,6�9℄, suggesting that the super
ondu
tivity mayo

ur in the vi
inity of a magneti
 or quadrupolar quantum 
riti
al point(QCP). Analysis of magneti
 sus
eptibility �(T ), spe
i�
 heat C(T ), ele
-tri
al resistivity �(T ) and inelasti
 neutron s
attering measurements withinthe 
ontext of a 
ubi
 
rystalline ele
tri
 �eld (CEF) yields a Pr3+ energylevel s
heme that 
onsists of a �3 nonmagneti
 doublet ground state that
arries an ele
tri
 quadrupole moment, a low lying �5 triplet ex
ited stateat � 10 K, and �4 triplet and �1 singlet ex
ited states at mu
h higher tem-peratures (� 130 K and � 313 K, respe
tively) [1�4℄. This s
enario suggeststhat the underlying me
hanism of the heavy fermion behavior in PrOs4Sb12may involve the intera
tion of Pr3+ ele
tri
 quadrupole moments with the
harges of the 
ondu
tion ele
trons, rather than the intera
tion of Pr3+ mag-neti
 dipole moments with the spins of the 
ondu
tion ele
trons, 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 ele
tri
quadrupole �u
tuations play a role in the super
ondu
tivity of PrOs4Sb12.In this paper, we brie�y review the 
urrent experimental situation regardingthe heavy fermion state, the super
ondu
ting state, and a high �eld, lowtemperature phase that is apparently asso
iated with magneti
 or ele
tri
quadrupolar order in PrOs4Sb12.2. Heavy fermion state in PrOs4Sb12The �rst eviden
e for a heavy fermion state in the �lled skutterudite
ompound PrOs4Sb12 emerged from spe
i�
 heat C(T ) measurements ona PrOs4Sb12 pressed pellet (formed by pressing a 
olle
tion of small single
rystals in a 
ylindri
al die) at low temperatures. Spe
i�
 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 
orre
ted for ex
ess Sb derived from the molten Sb �ux in whi
hthe 
rystals were grown. The line in the �gure represents the expressionC(T ) = 
T + �T 3 +CS
h(T ), where 
T and �T 3 are ele
troni
 and phonon
ontributions, respe
tively, and CS
h(T ) is a S
hottky anomaly for a twolevel system 
onsisting of a doublet ground state and a triplet ex
ited 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 S
hottky anomaly is a feature in the spe
i�
 heat dueto the onset of super
ondu
tivity at T
 = 1:85 K whi
h 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 super
ondu
tivity is also shown



A New Heavy Fermion Super
ondu
tor . . . 921in the top inset of Fig. 1 along with an entropy 
onserving 
onstru
tionfrom whi
h the ratio of the jump in spe
i�
 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 
orre
tion of the C(T ) data for theex
ess Sb (about 30 per
ent 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 indi
ative 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, mu
h higher than the BCS value of 1:43 andindi
ative of strong 
oupling e�e
ts [6℄. It is interesting that we also �nda large value of �C=
T
 � 3 in re
ent C(T ) measurements on one single
rystal of PrOs4Sb12 at UCSD. Although the values of 
 determined fromthese experiments vary somewhat, they are all indi
ative of a heavy ele
tronground state and an e�e
tive mass m� � 50 me.
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Fig. 1. Spe
i�
 heat C divided by temperature T , C=T , vs T for a PrOs4Sb12pressed pellet. The line represents a �t of the sum of ele
troni
, latti
e, andS
hottky 
ontributions to the data. Upper inset: Ce=T vs T near T
 for a PrOs4Sb12pressed pellet (Ce is the ele
troni
 
ontribution to C). Lower inset: C=T vs T nearT
 for PrOs4Sb12 single 
rystals, showing the stru
ture in �C near T
. Data fromRef. [1, 2℄.



922 M.B. Maple et al.Further eviden
e of heavy fermion super
ondu
tivity is provided by theupper 
riti
al �eld H
2 vs T 
urve whi
h is shown in Fig. 2 [2, 3℄. Theorbital 
riti
al �eld H�
2(0) 
an be derived from the slope of the H
2 
urvenear T
 and used to estimate the super
ondu
ting 
oheren
e length �0 �116 Å via the relation H�
2(0) = �0=2��20 , where �0 is the �ux quantum. TheFermi velo
ity vF 
an be obtained from the BCS relation �0 = 0:18~vF=kBT
and used to determine the e�e
tive mass m� by means of the expressionm� = ~kF=vF. Using a simple free ele
tron model to estimate the Fermiwave ve
tor kF, an e�e
tive mass m� � 50 me is obtained [2,3℄. Cal
ulating
 fromm� yields 
 � 350 mJ/mol K2, providing further eviden
e for a heavyfermion state in PrOs4Sb12.

0

5

10

15

0 0.5 1 1.5 2 2.5

ρ(T) Kink
dρ/dT peak
M(H) kink

ρ(H) kink
α(T) peak
C(T) peak

H
 (
T
) 

T (K) 

Hc2(T)

PrOs4Sb12

HFOP

SC

 ~ ∆ (Γ3, Γ5)

Fig. 2. Magneti
 �eld�temperature (H�T ) phase diagram of PrOs4Sb12 showingthe regions exhibiting super
ondu
tivity (SC) and the high �eld ordered phase(HFOP). The dashed line is a measure of the splitting between the Pr3+ �3 groundstate and �5 ex
ited state (see text for further details). Data from Refs. [3,4,6,7,23℄.Re
ently, Sugawara et al. [10℄ performed de Haas�van Alphen e�e
tmeasurements on PrOs4Sb12. They found that the topology of the Fermisurfa
e is 
lose to that of the referen
e 
ompound LaOs4Sb12 and is explainedwell by band stru
ture 
al
ulations. In 
ontrast to the similarity in theFermi surfa
e topologies of PrOs4Sb12 and LaOs4Sb12, the 
y
lotron e�e
tivemasses m�
 of PrOs4Sb12 are up to � 6 times enhan
ed 
ompared to those ofLaOs4Sb12. The Sommerfeld 
oe�
ient 
 estimated from the Fermi surfa
e



A New Heavy Fermion Super
ondu
tor . . . 923volume and the value of m�
 , assuming a spheri
al Fermi surfa
e, is � 150mJ/mol K2, whi
h is two to three times smaller than the value of 
 inferredfrom the normal and super
ondu
ting properties of PrOs4Sb12. Our studiesof LaOs4Sb12 single 
rystals reveal super
ondu
tivity with a T
 of 1 K.3. The Pr3+ energy level s
heme in the 
rystalline ele
tri
 �eldMagneti
 sus
eptibility �(T ) data between � 1 K and room temperaturefor PrOs4Sb12 from Ref. [2℄ are shown in Fig. 3. These �(T ) data have been
orre
ted for ex
ess Sb by assuming the e�e
tive moment �e� was equalto the full Hund's rule value of 3:6 �B. This led to an estimation of themass of the ex
ess 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, indi
ative of a nonmagneti
 ground state. At temperatures above� 5 K, �(T ) is strongly T -dependent, as expe
ted for well de�ned Pr3+magneti
 moments. In the analysis of the �(T ) data, intera
tions betweenPr3+ ions and hybridization of the Pr 4f and 
ondu
tion ele
tron states werenegle
ted, while the degenera
y of the Hund's rule multiplet of the Pr3+ions was assumed to be lifted by a 
ubi
 
rystalline ele
tri
 �eld (CEF)and to have a nonmagneti
 ground state. A

ording 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 ele
tri
 quadrupolemoment, and �4 and �5 triplets. It was assumed that the nonmagneti
ground 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 mostsatisfa
tory �t was obtained for a �3 nonmagneti
 doublet ground statewith a �5 �rst ex
ited triplet state at 11 K and �4 and �1 ex
ited states at130 K and 313 K, respe
tively (see the inset to Fig. 3). Inelasti
 neutrons
attering measurements on PrOs4Sb12 [3℄ reveal peaks in the INS spe
trumat 0:71 meV (8:2 K) and 11:5 meV (133 K) that appear to be asso
iatedwith transitions between the �3 ground state and the �5 �rst and �4 se
ondex
ited states, respe
tively, that are in good agreement with the Pr3+ CEFenergy level s
heme determined from the analysis of the �(T ) data. Asnoted above, the S
hottky anomaly in the C(T ) data on PrOs4Sb12 takenat UCSD and at the University of Karlsruhe [6℄ 
an be des
ribed well by atwo level system 
onsisting of a doublet ground state and a low lying tripletex
ited state with a splitting of � 7 K, a value that is 
omparable to thevalues dedu
ed from the �(T ) and INS data. However, a �1 ground state
annot, at this point, be 
ompletely ex
luded.
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Fig. 3. Magneti
 sus
eptibility � vs T for PrOs4Sb12 single 
rystals. Fits of aCEF model to the �(T ) data in whi
h the ground state is either a �3 nonmagneti
doublet (solid line) or a �1 singlet (dashed line) are indi
ated in the �gure. Inset:�(T ) below 30 K. After Ref. [2℄.While a magneti
 �4 or �5 Pr3+ ground state 
ould also produ
e a non-magneti
 heavy fermion ground state via an antiferromagneti
 ex
hange in-tera
tion (Kondo e�e
t), the behavior of �(T ) of PrOs4Sb12 in the normalstate does not resemble the behavior of �(T ) expe
ted for this s
enario. For atypi
al magneti
ally-indu
ed heavy fermion 
ompound, �(T ) often in
reaseswith de
reasing temperature due to Kondo s
attering, rea
hes a maximum,and then de
reases rapidly with de
reasing temperature as the highly 
or-related heavy fermion state forms below the 
oheren
e temperature. Atlow temperatures, �(T ) typi
ally varies as AT 2 with a prefa
tor A � 10�5[�
 
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℄, exhibitstypi
al metalli
 behavior with negative 
urvature at higher temperaturesand a pronoun
ed `roll o�' below � 8 K before it vanishes abruptly whenthe 
ompound be
omes super
ondu
ting (upper inset of Fig. 4). The tem-perature of the `roll o�' in �(T ) is 
lose to that of the de
rease in 
harge orspin dependent s
attering due to the de
rease in population of the proposed�rst ex
ited state (�5) as the temperature is lowered. The �(T ) data areshown in the lower inset of Fig. 4 and 
an be des
ribed by a temperaturedependen
e of the form AT 2 between � 8 K and 45 K, but with a prefa
torA � 0:009 �
 
m/K2 that is nearly two orders of magnitude smaller thanthat expe
ted from the Kadowaki-Woods relation (A � 1:2 �
 
m/K2 for
 � 350 mJ/mol K2) [12℄. Interestingly, �(T ) is 
onsistent with T 2 behavior
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ondu
tor . . . 925with a value A � 1 �
 
m/K2 in �elds of � 5 T [4℄ in the high �eld orderedphase dis
ussed in Se
tion 5. The zero-�eld temperature dependen
e of �(T )is similar to that observed for the 
ompound PrInAg2, whi
h 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 whi
h the heavy fermion state is produ
ed byele
tri
 quadrupole �u
tuations. In 
ontrast, magneti
 dipole �u
tuationsare widely believed to be responsible for the heavy fermion state in mostCe and U heavy fermion 
ompounds (with the possible ex
eption of 
ertainU 
ompounds su
h as UBe13). Another possible sour
e of the enhan
ed ef-fe
tive mass in PrOs4Sb12 may involve ex
itations from the ground state tothe low lying �rst ex
ited state in the Pr3+ CEF energy level s
heme [15℄.
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Fig. 4. Ele
tri
al resistivity � vs T for PrOs4Sb12 between 1:8 K and 300 K. Upperinset: �(T ) below 20 K. Lower inset: �(T ) below 50 K. After Ref. [1℄.Two studies of the nonlinear magneti
 sus
eptibility have been per-formed in an attempt to determine the CEF ground state of the Pr3+ ion inPrOs4Sb12 [8,16℄. The nonlinear sus
eptibility �3 is the 
oe�
ient of an H3term in the expansion of the magnetization M in a series of odd powers ofH; i.e.,M � �1H+(�3=6)H3, where �1 is the ordinary linear sus
eptibility.For an ioni
 situation, �3 is isotropi
 and varies as T�3 for a magneti
 groundstate, whereas for a non-Kramers �3 doublet it is anisotropi
 and diverges atlow temperatures for H jj [100℄ and approa
hes a 
onstant for H jj [111℄ [17℄.This type of study was previously employed in an attempt to determine theground state of U in the 
ompound UBe13 [18℄. In the study by Baueret al. [16℄, �3 was found to be anisotropi
 and exhibit a minimum followedby a maximum and a negative divergen
e as the temperature was de
reased



926 M.B. Maple et al.for H jj [100℄, while �3 exhibited a minimum and then in
reased down to thelowest temperature of the measurement (T = 1:8 K), for H jj [111℄. Com-parison with 
al
ulations based on the quadrupolar Anderson�Hamiltonianprovided a qualitative des
ription of the �3(T ) data for H jj [100℄, but didnot des
ribe the �3(T ) data well for H jj [111℄. It was 
on
luded 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 be
ause of the 
urvature of M(H) and the 
ompli
ationsthat arise at lower temperatures T � T
 and lower �elds H � H
2 due to thesuper
ondu
tivity and at temperatures T � 2 K and higher �elds H � 4:5 Kby the onset of the high �eld ordered phase, dis
ussed in Se
tion 5.4. Super
ondu
ting stateSeveral features in the super
ondu
ting properties of PrOs4Sb12 indi
atethat the super
ondu
tivity of this 
ompound is un
onventional in nature.First, Cs(T ) follows a power law T -dependen
e, Cs(T ) � T 2:5, after theS
hottky anomaly and �T 3 latti
e 
ontributions have been subtra
ted fromthe C(T ) data. As reported in Ref. [3℄, Cs(T ) follows a power law withCs(T ) � T 3:9 when the S
hottky anomaly is not subtra
ted. Se
ond, thereis a `double-step' stru
ture in the jump in C(T ) near T
 in single 
rystals(lower inset of Fig. 1) that suggests two distin
t super
ondu
ting phases withdi�erent T
's: T
1 � 1:70 K and T
2 � 1:85 K [3, 6℄. This stru
ture 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 whi
h the pressed pellet is 
omprised that broaden the transitions atT
1 and T
2 so that they overlap and be
ome indistinguishable. However,at this point, it is not 
lear whether these two apparent jumps in C(T ) areasso
iated with two distin
t super
ondu
ting phases or are due to sampleinhomogeneity. It is noteworthy that all of the single 
rystal spe
imens pre-pared in our laboratory and investigated by our group and our 
ollaboratorsexhibit this `double-step' stru
ture. Multiple super
ondu
ting transitions,apparently asso
iated with distin
t super
ondu
ting phases, have previouslybeen observed in two other heavy fermion super
ondu
tors, UPt3 [19℄ andU1�xThxBe13 (0:1 � x � 0:35) [20℄. Measurements of the spe
i�
 heat inmagneti
 �elds reveal that the two super
ondu
ting features shift downwardin temperature at nearly the same rate with in
reasing �eld, 
onsistent withthe smooth temperature dependen
e of the H
2(T ) 
urve [6℄. These twotransitions have also been observed in thermal expansion measurements [7℄,
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ondu
tor . . . 927whi
h, from the Ehrenfest relation, reveal that T
1 and T
2 have di�erentpressure dependen
ies, suggesting that they are asso
iated with two distin
tsuper
ondu
ting phases.Re
ent 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 indi
ate strong 
oupling super
ondu
tivity.These �ndings suggest an s-wave, or, perhaps, a Balian�Werthamer p-waveorder parameter. On the other hand, the super
ondu
ting gap stru
ture ofPrOs4Sb12 was investigated by means of thermal 
ondu
tivity 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 whi
h �(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-per
ondu
ting phases may be asso
iated with the transition at T
2, whereasthe line between the high �eld phase and the normal phase, H
2(T ), 
on-verges with T
1 as H ! 0. Clearly, more resear
h will be required to furtherelu
idate the nature of the super
ondu
ting state in PrOs4Sb12.5. High �eld ordered phaseEviden
e for a high �eld ordered phase was �rst derived from magne-toresistan
e measurements in the temperature range 80 mK � T � 2 K andmagneti
 �elds up to 9 tesla [3,23℄. The H�T phase diagram, depi
ting thesuper
ondu
ting region and the high �eld ordered phase is shown in Fig. 2.The line that interse
ts the high �eld ordered state represents the in�e
tionpoint of the `roll-o�' in �(T ) at low temperatures and is a measure of thesplitting between the Pr3+ ground state and the �rst ex
ited state, whi
hde
reases with �eld (see Fig. 4). The high �eld ordered phase has also beenobserved by means of large peaks in the spe
i�
 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, whi
h reveal drops in �(T ) due to the super
ondu
tivity forH � 2:3 T and features in �(T ) asso
iated with the onset of the high �eldordered phase for H � 4:5 T. Isotherms of ele
tri
al resistan
e R vs H andmagnetization M vs H are shown in Figs. 6(a) and 6(b), respe
tively. The�elds denoting the boundaries of the high �eld ordered phase, H�1 and H�2 ,are indi
ated in the �gure.
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Fig. 6. (a) Ele
tri
al resistan
e R vs magneti
 �eld H for PrOs4Sb12 at severaldi�erent temperatures below 4:21 K for 0 � H � 18 T. (b) Magnetization M vs Hfor PrOs4Sb12 at 0:34 K for 0 � H � 5:5 T.
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tor . . . 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�e
tive mass m� � 50 me, un
onventional super
ondu
tivitybelow T
 = 1:85 K with two distin
t super
ondu
ting phases, and a high�eld ordered phase, presumably asso
iated with magneti
 or ele
tri
 quad-rupolar order. Analysis of �(T ), C(T ), �(T ), and INS data indi
ate thatPr3+ has a nonmagneti
 �3 doublet ground state that 
arries an ele
tri
quadrupole moment, a low lying �5 triplet ex
ited state at � 10 K, and �4triplet and �1 singlet ex
ited states at mu
h higher energies. This suggeststhat the intera
tion between the quadrupole moments of the Pr3+ ions andthe 
harges of the 
ondu
tion ele
trons, as well as the ex
itations betweenthe �3 ground state and �5 low lying ex
ited state may play an importantrole in generating the heavy fermion state and super
ondu
tivity in this
ompound. The heavy fermion state and un
onventional super
ondu
tivitywill 
onstitute a signi�
ant 
hallenge for theoreti
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