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Superconductivity and heavy fermion behavior in PrOs4Sb12
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Department of Physics and Institute For Pure and Applied Physical Sciences, University of California, San Diego, La Jolla
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~Received 11 July 2001; published 14 February 2002!

Superconductivity has been observed in PrOs4Sb12 at TC51.85 K and appears to involve heavy fermion
quasiparticles with an effective massm* ;50 me as inferred from the jump in the specific heat atTC , the
upper critical field nearTC , and the normal state electronic specific heat. Thermodynamic and transport
measurements suggest that the heavy fermion state has a quadrupolar origin, although a magnetic origin cannot
be completely ruled out.
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A remarkable class of rare earth and actinide compou
containing Ce, Yb, and U ions undergo a continuous tra
tion from a high temperature phase in which thef-electrons
behave as if they are localized with well-defined magne
moments to a low temperature heavy Fermi liquid phase
which thef-electrons appear to be delocalized with enormo
effective massesm* of the order of several hundred time
the free electron massme .1,2 The heavy Fermi liquid ground
state of these so-called ‘‘heavy fermion’’f-electron materials
is unstable to the formation of superconductivity and m
netically ordered states which sometimes coexist with
another. The superconducting specific heat jumpDC at the
superconducting critical temperatureTC is of the order of
gTC , whereg is the normal state electronic specific he
coefficient~i.e.,Cel;g T), showing that the superconductiv
ity is a bulk phenomenon involving the heavy electrons t
are responsible for the large value ofg, which can be as high
as several J/mol K2. In addition, the superconductivity in
these materials appears to be anisotropic with an energy
that vanishes at points or along lines on the Fermi surfa
indicative of superconducting electron pairing of electro
with angular momentum greater than zero.1,2 It is widely
believed that the pairing of the superconducting electron
these materials is mediated by magnetic fluctuations.

The subset of heavy fermion compounds currently kno
to exhibit superconductivity consists of Ce and U interme
lic compounds, such as CeCu2Si2 and UBe13.3,4 Recently,
heavy fermion behavior has been reported in the Pr-ba
compounds PrInAg2 and PrFe4P12 and attributed to the inter
action of the electric quadrupole moments of a Pr31 G3 non-
magnetic doublet ground state in the crystalline electric fi
~CEF! with the charges of the conduction electrons.5,6 In this
paper, we report the observation of heavy fermion beha
and superconductivity in the compound PrOs4Sb12, which
appears to be the first example of a Pr-based heavy ferm
superconductor.7 Thermodynamic measurements and rec
inelastic neutron scattering experiments are consistent w
Pr31 G3 ground state in PrOs4Sb12, suggesting that the qua
drupolar fluctuations are responsible for the heavy ferm
state.

Single crystals of the filled skutterudite PrOs4Sb12 were
grown in an Sb flux~Ref. 8!. X-ray diffraction measurement
revealed that PrOs4Sb12 crystallizes in the LaFe4P12-type
BCC structure with a lattice parametera59.3017 Å.9 Elec-
0163-1829/2002/65~10!/100506~4!/$20.00 65 1005
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trical resistivityr, specific heatC, and magnetic susceptibil
ity x measurements between;1 K and 300 K were made in
a 4He cryostat, in a semi-adiabatic3He calorimeter, and with
a superconducting quantum interference device~SQUID!
magnetometer, respectively. Measurements ofr(T) down to
60 mK in magnetic fields up to 30 kOe were performed in
transverse geometry in a3He-4He dilution refrigerator.

The physical properties of PrOs4Sb12 are summarized in
Fig. 1. Thex(T) data@Fig. 1~a!# exhibit a peak at;3 K and
saturate to a value of;0.06 cm3/mol asT→0, indicative of
a nonmagnetic ground state. At temperatures above 50
x(T) of PrOs4Sb12 can be described by a Curie-Weiss la
with an effective momentme f f52.97 mB , somewhat re-
duced from the free ion valueme f f53.58 mB , and a Curie-
Weiss temperatureuCW5216 K. The onset of supercon
ductivity occurs atTC51.85 K in a field of 20 Oe as
revealed by the large diamagnetic signal shown in inset~ii !
of Fig. 1~a!. The r vs T curve, shown in Fig. 1~a! and inset
~i!, displays metallic behavior and a distinct decrease be
;7 K in the normal state before dropping abruptly to ze
when superconductivity occurs atTC51.86 K. The residual
resistivity ratio (RRR;33) and transition widthDTC
55 mK reflect the high quality of the single crystals.

Evidence that strong electronic correlations are presen
PrOs4Sb12 is provided by the magnitude of the supercondu
ing specific heat jump as displayed in inset~iii ! of Fig. 1.
Although the superconducting transition is somewh
rounded, perhaps due to variations in the composition of
crystals or strain induced by compressing the powde
single crystals into a pellet, an equal entropy construction
which the entropy is conserved just above and belowTC ,
yields DC/TC;500 mJ /mol K2. The value of the elec-
tronic specific heat coefficient from the weak-coupling BC
prediction (DC/gTC51.43) is g;350 mJ/mol K2. The
specific heat data can be described by the expres
C(T)/T5g1bT2, wherebT2 is the lattice contribution~set
equal to that of LaOs4Sb12 with uD5304 K), between
6.9 K<T<9.6 K ~not shown!, from which g
5750 mJ/mol K2 is obtained. A Schottky-like peak in th
specific heat data of PrOs4Sb12 is visible at;3 K.

Additional evidence for heavy fermion behavior
PrOs4Sb12 is provided by an analysis of the slope of th
upper critical fieldHc2 nearTC similar to that described in
©2002 The American Physical Society06-1
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Ref. 14 for the heavy fermion superconductor UBe13. Shown
in Fig. 2 is theHc2(T) curve for PrOs4Sb12 derived from
r(T) measurements~inset of Fig. 2!. Disregarding the slight
positive curvature inHc2(T) nearTC , a linear fit to the data

FIG. 1. Physical properties of PrOs4Sb12. Panel ~a!: r vs T
~uppery axis!. Inset ~i!: r(T) below 20 K. x vs T at H55 kOe
~lower y axis!. Inset ~ii !: x(T) at H520 Oe. Panel~b!: C(T)/T
below 20 K. Inset~iii !: Expanded view of the superconducting sp
cific heat jump. Solid lines represent an equal entropy construc
yielding DC/TC;500 mJ/mol K2.
10050
yields a value of ;19 kOe/K for the initial slope
(2dHc2 /dT)TC

. The zero temperature value of the orbit

critical field can be determined from the relationHc2* (0)
50.693 (2dHc2 /dT)TC

TC ,15 yielding the valueHc2* (0)

;24.5 kOe. The superconducting coherence lengthj0 can
be estimated from the relationHc2* (0)5F0/2pj0

2,16 yielding
j0;116 Å. A value for the Fermi velocityvF51.57
3106 cm/s is then obtained fromj050.18\vF /kBTC

16

from which m* andg can be estimated as follows. Using
spherical Fermi surface approximation, the Fermi wave v
tor is given bykF5(3p2Z/V)1/3, whereZ is the number of
electrons per unit cell andV is the unit cell volume. Assum-
ing that Pr contributes 3 electrons (Z56), we obtainkF

56.053107 cm21. The expressionm* 5\kF /vF yields
m* ;50 me . From the relationg5p2(Z/V)kB

2m* /\2kF
2 ,

g;350 mJ/mol K2 is obtained. These values ofm* andg
are comparable to the values estimated from the specific
jump DC at TC and the normal state specific heat.

The physical properties of PrOs4Sb12 can be analyzed
within a localized or itinerant electron approach. In an ion
~localized! model, a cubic crystalline electric field~CEF!
splits theJ54 Hund’s rule multiplet of Pr31 into a singlet
(G1), a doublet (G3), and two triplets (G4 and G5). As
shown by Lea, Leask, and Wolf~LLW !,10 the CEF Hamil-
tonian in cubic symmetry can be written in terms of the ra
of the fourth and sixth order terms of the angular moment
operators,x, and an overall energy scale factorW. The mag-
netic susceptibility data were fitted by a CEF model in whi
the ground state was chosen to be either a nonmagnetiG1
singlet (W.0) or a nonmagneticG3 doublet (W,0). A
peak inx(T) is produced when the first excited state is aG5
triplet with an energy,100 K above the ground state an
corresponds to a position~x! close to the crossing points o
the LLW diagram whereG1 or G3 are degenerate withG5.
The best fits to the data are:~a! x50.50, W51.85, and~b!
x520.72, W525.44, corresponding to level schemes d
played in Fig. 3 of G1(0 K), G5(6 K), G4(65 K),
G3(111 K) and G3(0 K), G5(11 K), G4(130 K),

n

et:
FIG. 2. Upper critical fieldHc2 vs T of
PrOs4Sb12. The bars indicate the 10% and 90%
values of the superconducting transitions. Ins
r(T) in magnetic fields up to 30 kOe.
6-2
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G1(313 K), respectively. The fit based on the latter Pr31

energy level scheme reproduced better the overall shap
the low temperature peak, and also the value of the
Vleck paramagnetic susceptibility. The effective mome
was allowed to vary in the analysis and a value ofme f f
52.6 mB was obtained in both scenarios. The reduced va
of me f f could be due to incomplete filling of the Pr sites
Sb inclusions in the PrOs4Sb12 single crystals. Several Pr31

energy level schemes can account for the broad peak inC(T)
just above the superconducting transition in PrOs4Sb12. The
best fit of the 4f contribution to the specific heat@i.e., DC
5C(PrOs4Sb12)-Clatt(LaOs4Sb12), where Clatt(LaOs4Sb12)
is the lattice contribution of the isostructural compou
LaOs4Sb12 ~Ref. 8!#, was to a system of two levels of equ
degeneracy split by an energyd56.6 K, and an additiona
g8T electronic contribution withg85568 mJ/mol K2, as
shown in Fig. 3~b!. However, there are two problems ass
ciated with this interpretation. First, for a nonmagneticG1 or
G3 ground state, there are no excited states of degene
equal to that of the ground state. It is conceivable that
degeneracy of theG3 ground state has been lifted by the CE

FIG. 3. Panel~a!: Fits of x(T) of PrOs4Sb12 to a CEF model in
which the ground state is eitherG3 ~solid line! or G1 ~dashed line!.
Inset: x(T) vs T below 30 K. Panel~b!: 4 f contribution to the
specific heat DC5C(PrOs4Sb12)-Clatt(LaOs4Sb12), plotted as
DC/T vs T. The solid line is a fit to a two-level Schottky anoma
and an additionalg8T electronic contribution~see text for details!.
Inset: 4f contribution to the specific heat, plotted asDC vs T.
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when the local site symmetry of the Pr31 ions is not cubic as
might be caused by some kind of local distortion. Howev
there is no indication for this distortion from refinements
x-ray diffraction data on PrOs4Sb12 single crystals.11 Second,
the amount of entropy associated with the two levels of eq
degeneracySTLS5R ln 2'5.8 J/mol K is too small to ac-
count for the total entropyST5*(C/T)dT'10.3 J/mol K
at 10 K which includes the peak and thegT term. A more
likely possibility is that the pronounced peak inC(T)/T cor-
responds to aG3 ground state and a low lyingG5 excited
state. The entropy of this doublet-triplet (G32G5) scenario
@SG32G5

5R ln(5/2)'7.6 J/mol K# is large enough to ac

count for most of the total entropyST at 10 K. The additional
entropy may be due to contributions of theG4 andG1 excited
states and/or lattice contributions that we were unable to
move completely using the procedure described above.
elastic neutron scattering experiments reveal peaks in in
sity at ;8 K and ;130 K that appear to be due to CE
excitations,12 consistent with the Pr31 CEF energy level
scheme deduced fromx(T) and C(T) which has aG3
ground state and a low lyingG5 excited state.

The x(T) andC(T) data can also be analyzed within a
itinerant electron approach. The peak inC(T)/T would then
arise from an electronic contribution with a low-degenera
temperatureTF* ;10 K, as observed in many heavy fermio
compounds~e.g., CeAl3 , UBe13), with a value of g of
;2 J/mol K2 at ;3 K. In this case, the Pr31 excited CEF
energy levels would be far removed from the ground state
for example, in PrInAg2 which has the Pr31 energy level
scheme: G3(0 K), G4(71 K), G5(96 K), and
G3(177 K).13 For a value ofg of ;2 J/mol K2, the ratio
DC/gTC;0.2 is reduced with respect to the BCS value
1.43. In the superconducting state, the specific heatCS has a
power law T-dependenceCS(T);Tn with n;3.9 for 0.6
<T<1.1; this value ofn is somewhat larger than the value
observed for other heavy fermion superconductors that
within the range 2<n<3.2 The reduced specific heat jum
and power law behavior ofC(T) are consistent with aniso
tropic superconductivity in which the electrons are paired
states with nonzero angular momentum~non–s-wave super-
conductivity!. If the heavy fermion state is based on ma
netic fluctuations, rather than quadrupolar fluctuations,
would expect a Wilson-Sommerfeld ratio RW

5„x(0)/g(0)…(p2kB
2/me f f

2 ) of the order of unity. Using the
values of x(3 K)50.07 cm3/mol and g(3 K)
;2 J/mol K2, andme f f53 mB , a value ofRW;0.9, typi-
cal of many heavy fermion compounds, is obtained
PrOs4Sb12. However, conservation of entropy between t
superconducting and normal states indicates thatg must de-
crease with decreasing temperature below;3 K to a value
;500 mJ/mol K2, consistent with the superconductin
properties.

The electrical resistivity, however, does not exhibit typic
f-electron heavy fermion behavior, in whichr(T) has a rela-
tively weakT-dependence at high temperatures above a c
acteristic ‘‘coherence temperature’’ below which it decrea
rapidly and then saturates asT2, reminiscent of a Fermi liq-
uid. The coefficientA of the T2 term in r(T) is often found
6-3
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to follow the Kadowaki-Woods~KW! relation A/g251
31025 mVcm (mol K/mJ)2.17 The resistivity of
PrOs4Sb12 follows a T2 dependence from 7.5 K&T
&45 K, with aT2 coefficientA50.009 mVcm/K2. This is
some two orders of magnitude smaller than the valueA
;1 mVcm/K2) expected from the KW relation, assumin
g;500 mJ/mol K2. The overall shape of ther(T) curve
and behavior at low temperatures~aside from the supercon
ductivity!, is very similar to that of PrInAg2,5,18 in which
strong electronic correlations, perhaps due to quadrup
fluctuations, are apparently responsible for the enorm
electronic specific heat coefficientg;6.5 J/mol K2. It is
noteworthy that the value ofA in this compound is also
inconsistent with the KW relation.5 The decrease inr(T)
below 7 K apparently reflects a decrease in scattering
conduction electrons by the electric quadrupole or magn
dipole moments of a low lying Pr31 energy level in the CEF
In a magnetic field of 30 kOe,r(T) in the normal state varie
as a power lawr}r01BTn in the range 0.1<T<1.1 K
with B50.88 mVcm/K3 and n;3. A T2 dependence o
r(T) is observed over a more limited temperature ran
from 0.5 to 1.0 K~with deviations outside thisT range! with
A51.0 mVcm/K2, in agreement with the KW relation.

If a G3 nonmagnetic doublet ground state with a nonva
ishing quadrupole moment is stabilized in a metallic co
pound, a quadrupolar Kondo effect can, in principle,
realized.19 In the single-ion quadrupolar Kondo model, th
quadrupolar moments of thef-electron ions are overscreene
by the charges of the conduction electrons, leading to n
Fermi liquid~NFL! behavior in the physical properties at lo
temperatures. Single-ion NFLT-dependences, similar t
those predicted, have been observed in the physical pro
ties of theM12xUxPd3 (M5Y, Sc! systems.20 However, it
has not been possible to definitely establish that the qua
y
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polar Kondo effect is responsible for the NFL behavior
these systems. It seems possible that the heavy fermion
havior exhibited by PrOs4Sb12 is associated with a quadru
polar Kondo lattice, in analogy with the quadrupolar Kon
model.19

A lattice of Pr ions with aG3 ground state may undergo
structural phase transition, which can be first or second o
in nature, via a cooperative Jahn-Teller effect.21 Such a tran-
sition is observed in cubic compounds such as PrPb3.22

While quadrupolar ordering atT;3 K, producing a peak in
C(T), cannot be excluded in PrOs4Sb12, it is perhaps more
likely that this type of ordering is suppressed by theG3 qua-
drupolar fluctuations, analogous to the competition betw
the Ruderman-Kittel-Kasuya-Yosida~RKKY ! interaction
and the magnetic Kondo effect.23

In summary, PrOs4Sb12 exhibits superconductivity with a
TC51.85 K that appears to involve heavy fermion quasip
ticles with an effective massm* ;50 me , as inferred from
the jump in specific heat atTC , the slope of the upper critica
field nearTC , and the electronic specific heat coefficientg.
The ground state of the Pr31 ions in the cubic CEF appear
to be theG3 nonmagnetic doublet, suggesting the possibil
that the heavy fermion behavior involves the interaction
the Pr31 G3 quadrupole moments and the charges of
conduction electrons. If this is indeed found to be the cas
raises the question of what role Pr31 quadrupolar fluctua-
tions play in the heavy fermion superconductivity of th
compound.
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