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We present new measurements of the specific heat of the heavy fermion superconductor PrOs4Sb12, on a
sample which exhibits two sharp distinct anomalies atTc1=1.89 K andTc2=1.72 K. They are used to draw a
precise magnetic field-temperature superconducting phase diagram of PrOs4Sb12 down to 350 mK. We discuss
the superconducting phase diagram of PrOs4Sb12 and its possible relation with an unconventional supercon-
ducting order parameter. We give a detailed analysis ofHc2sTd, which shows the paramagnetic limitation(a
support for even parity pairing) and multiband effects.
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I. INTRODUCTION

The first Pr-based heavy fermion(HF) superconductor
PrOs4Sb12 sTc,1.85 Kd has been recently discovered.1 Evi-
dence for its heavy fermion behavior is provided mainly by
its superconducting properties, like the height of the specific
heat jump at the superconducting transition or the high value
of Hc2sTd relative toTc.

1 PrOs4Sb12 is cubic with Th point
group symmetry,2 and has a nonmagnetic ground state,
which in a single ion scheme can be either aG23 doublet or a
G1 singlet, a question which remains a matter of controversy.
Presently, most measurements in high field seem to favor a
singlet ground state.3–6 In any case, whatever the degeneracy
of this ground state, the first excited state(at around 6 K) is
low enough to allow for an induced electric quadrupolar mo-
ment on the Pr3+ ions,7,8 that could explain the heavy fer-
mion properties of this system by a quadrupolar Kondo
effect.1 Thus, while the pairing mechanism of usual HF su-
perconducting compounds(U or Ce-based) could come from
magnetic fluctuations, the superconducting state of
PrOs4Sb12 could be due to quadrupolar fluctuations. Yet at
present, this attractive hypothesis is backed by very few ex-
perimental facts, both as regards the evidence of a quadru-
polar Kondo effect in the normal phase and as regards the
pairing mechanism in the superconducting state. Even the
question of the unconventional nature of its superconductiv-
ity is still open. Indeed, several types of experiments have
already probed the nature of this superconducting state, but
with apparently contradictory results. Concerning the gap to-
pology, scanning tunneling spectroscopy measurements point
to a fully open gap, with some anisotropy on the Fermi
surface.9 The indication of unconventional superconductivity
might come from the distribution of values of the residual
density of states(at zero energy) on different parts of the
sample surface. This could be attributed to a pair-breaking
effect of disorder. The same conclusion as regards the gap
size was reached bymSR measurements10 and NQR
measurements,11 although unconventional superconductivity
is suggested in the latter case by the absence of a coherence
peak belowTc in 1/T1.

This should be contrasted with recent penetration depth
measurements, that would indicate point nodes of the gap,12

or the angular dependence of the thermal conductivity which
suggests an anisotropic superconducting gap with a nodal
structure.13 This latter measurement also suggests multiple
phases in the temperaturesTd - field sHd plane, which could
be connected to the double transition observed in a zero
field.14–16 RecentmSR relaxation experiments17 detected a
broadening of the internal field distribution belowTc, sug-
gesting a multicomponent order parameter or a nonunitary
odd parity state, with a finite magnetic moment.

In this context, our results bring new insight on the ques-
tion of the parity of the order parameter, and draw a definite
picture of thesH ,Td low field phase diagram as deduced
from specific heat measurements. With reference to the his-
torical case of UPt3, we emphasize that the present status of
the sample quality may explain the discrepancies between
the various measurements: definite claims on the nature of
the superconducting state in PrOs4Sb12 are at the very best
too early, the key point being the sample quality.

II. EXPERIMENTAL DETAILS

We present results on single crystals of PrOs4Sb12 grown
by the Sb flux method.18–20These samples are aggregates of
small single crystals with well developed cubic faces. They
have a good RRR of about 40(between room temperature
and 2 K), a superconducting transition(onset ofCp or r) at
1.887 K and, they present a very sharp double superconduct-
ing transition in the specific heat.

Two different techniques have been used for the specific
heat measurements. The first is a quasi-adiabatic method
with a Au/Fe-Au thermocouple controlled by a supercon-
ducting quantum interference device(SQUID) in a 3He calo-
rimeter. It is well suited to quantitative studies in the zero
field (the addenda are precisely known), and was used on
samples with a total mass of 8 mg. The second technique
was ac calorimetry, used to follow the superconducting tran-
sitions under magnetic field in order to draw a complete
phase diagram of the two superconducting transitions. This
ac calorimetry uses a strain gauge heater(PtW alloy), a sen-
sitive SiP thermometer(silicon doped with phosphorus close
to the critical concentration of the metal-insulator transition),
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and a long gold wire(25 mm diameter) as a heat leak. For
the ac method, we choose a frequency of 0.04 Hz and a large
integration time of 350 s. The SiP thermometer is measured
with a four lead resistance bridge at 500 Hz, whose analog
output is sent to the lock-in detection. The heating power
was chosen so that the SiP temperature oscillations remain
smaller than 6 mK in order to avoid broadening of the tran-
sitions. Thermometry under field was controlled by ther-
mometers located in the(zero field) compensated region of
the magnet.

III. SPECIFIC HEAT RESULTS

Figure 1 displays the specific heatCps0,Td /T of 3
samples of the same batch measured together, of total mass
8 mg. The inset of Fig.1 is the ac specific heatCps0,Td of
one of these three samples(hereafter called sample No. 1).
As it has been previously observed,1 PrOs4Sb12 shows a
Schottky anomaly with a maximum inCp/T nearT=2.2 K.
Absolute values ofCp/T are the highest ever reported: atT
=1.7 K, Cp/T=3.65 J/K2 mol and at T=2 K, Cp/T
=2.9 J/mol K2. Sample No. 1 has a well defined double
transition: to our knowledge, it is the sharpest ever reported
in the literature, although we are aware of similar(yet un-
published) results by Aoki21 on samples grown in the same
group. The width of the two transitions was estimated to be
16 mK and 58 mK, with, respectively,Tc2=1.716 K and
Tc1=1.887 K ( with the junction criterion).

Shown in Figs. 2 and 3 are the ac specific heat measure-
ments CpsH ,Td at, respectively, constant magnetic field
sTc1ù1.16 Kd and constant temperaturesTc1ø1.15 Kd of
the same sample No. 1. The normal state specific heat, or an
arbitrary line between the two transitions, has been sub-
tracted for the temperature or field sweeps, respectively.
Even under the field, the transitions remain very sharp, so
that we were able to detect them down to 350 mK and to
draw a precise phase diagram(Fig. 4). The width of the two

transitions does not exceedDHc2=80 mT andDH8=50 mT
at 500 mK, andDTc1=35 mK andDTc2=70 mK at 1.4 T.

The low field phase diagram has the same features as
reported by Tayamaet al.5 from magnetization measure-
ments. The advantage of specific heat is to give an unam-
biguous signature of a bulk phase transition, that cannot be
confused with other physical phenomena like a peak-effect.
The two transition lines remain almost parallel and we will
see that they can be deduced from each other simply by
scalingTc.

FIG. 2. Temperature sweeps of the ac specific heat of sample
No. 1 at several fields below 1.4 T. The normal state was sub-
tracted. The arrows indicate the double transitionTc1 andTc2.

FIG. 3. Field sweeps of the ac specific heat of sample No. 1 at
several temperatures. An arbitrary line between the two transitions
was subtracted. We follow the two transitions(Hc2 andH8) down to
350 mK.

FIG. 1. Specific heat of samples of the same batch including
samplen°1 as Cp/T versusT at the zero field measured with a
quasi-adiabatic method. The inset is a zoom on the double super-
conducting transition of sample No. 1 measured with an ac method:
Tc1=1.887 K andTc2=1.716 K.

MEASSONet al. PHYSICAL REVIEW B 70, 064516(2004)

064516-2



IV. SAMPLE CHARACTERIZATION

Three pieces of sample No. 1 have been used for further
characterizations, called 1a, 1b and 1c. As well as the spe-
cific heat of sample No. 1as2 mgd, we have measured the
resistivity of samples No. 1bs0.2 mgd and No. 1c, and the ac
susceptibility and dc magnetization of samples No. 1a and
No. 1b.

Concerning the specific heat, the high absolute value of
Cp as well as the large height of the two superconducting
jumps [DsCp/Td=350 mJ/mol. K2 at Tc1 and DsCp/Td
=300 mJ/mol K2 at Tc2] must be linked to the high quality
of these samples(the absence of Sb-flux and/or good stoichi-
ometry). Moreover, the heights of the two steps of sample
No. 1a are quantitatively similar to those of the entire batch
s7.5 mgd as Vollmer has already pointed out.14

Like in previous work,1,22 we have noticed that the resis-
tivity at 300 K is very sample dependent(from 200 to
900 mV cm). On all samples, the value ofr at 300 K seems
to scale with the slope at high temperaturesTù200 Kd, i.e.,
the phononic part of the resistivity, as if the discrepancies
were due to an error on the geometric factor. This error could
be explained by the presence of microcracks in the samples.
We have taken this problem into account by normalizing all
data to the slopedr /dT at high temperaturesTù200 Kd of
sample No. 1c, chosen arbitrarily. For samples No. 1b and
No. 1c, respectively(Fig. 5), the RRR(ratio between 300 K
and 2 K values) are 44 and 38, the onsetTc are 1.899 K and
1.893 K (matching the critical temperature obtained by spe-
cific heat), and the temperatures of vanishing resistance
sTR=0d are 1.815 K and 1.727 K.TR=0 of sample No. 1c is
equal toTc2 and this remains true under a magnetic field. So,
in sample No. 1c, the resistive superconducting transition is
not complete betweenTc1 andTc2.

Figure 6 shows the superconducting transition for samples
No. 1a and No. 1b by ac-susceptibilitysHac=0.287 Oed, cor-

rected for the demagnetization field. The onset temperature is
the same for the two sampless1.88 Kd. The transition is
complete only at around 1.7 K and two transitions are vis-
ible. The field cooled dc magnetization of samples No. 1a
and No. 1bsHdc=1Oed, shown in Fig. 7, gives a Meissner
effect of, respectively, 44% and 55%, indicating(like spe-
cific heat) that the superconductivity is bulk. The two transi-
tions are also visible.

V. DISCUSSION

A. Double superconducting transition

Let us first discuss the nature(intrinsic or not) of the
double transition observed in our specific heat measure-

FIG. 4. H−T superconducting phase diagram of PrO4Sb12 de-
termined by specific heat measurements on sample No. 1. The field
dependence ofTc1 andTc2 are completely similar. The lines are fits
by a two-band model of the upper critical field(Sec.V B 2). Only
Tc has been changed fromHc2 to H8.

FIG. 5. Resistivity of samples No. 1b and No. 1c normalized to
the slope at high temperature of sample No. 1c. The inset is a zoom
on the superconducting transition. The resistivity of sample No. 1c
is zero only atTc2.

FIG. 6. The real partx8 of the ac susceptibility of samples No.
1a and No. 1b measured with an ac magnetic field of 0.287 Oe at
2.11 Hz. Like in the results of resistivity measurement, the super-
conducting transition is not complete atTc1 and the two transitions
are visible.
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ments. The remarkable fact, compared to previous
reports,14,15 is the progress on the sharpness of both transi-
tions. If for previous reports, a simple distribution ofTc due
to a distribution of strain in the sample could have explained
the transition width, it is not the case anymore for the sharp
features observed on these new samples. Also the explana-
tion recently proposed23 that the lower transition atTc2
would be induced by Josephson coupling of one sheet of the
Fermi surface to another with transition temperatureTc1 is
excluded, owing to the sharpness of both transitions and par-
ticularly of that atTc2: see the broadening calculated by the
authors23 for the Josephson induced transition. Nevertheless,
some of our results still cast serious doubts on the intrinsic
nature of the double transition. Indeed, the susceptibility also
shows a “double” transition, and resistivity becomes zero
only at Tc2. If the first transition at Tc1 was bulk-
homogeneous, the resistivity should immediately sink to zero
below Tc1, and the susceptibilitysxd should also show per-
fect diamagnetism far beforeTc2: the sample diameter is at
least 1000 times larger than the penetration depthsld so that
the temperature dependence ofl cannot explain such a tran-
sition width of x (contrary to the statements of Chia12). So
both resistivity and susceptibility are indicative of remaining
sample inhomogeneities.

Nevertheless, in our opinion, even the comparison of the
various characterizations of the superconducting transition
by resistivity, susceptibility and specific heat on the same
sample does not allow for a definite conclusion.

Two historical cases are worth remembering. URu2Si2
showed a double transition in the specific heat in some
samples, with inhomogeneous features detected in the
susceptibility.24 In that case, the authors of Ref. 24 could
clearly show that it was not intrinsic(maybe arising from
internal strain ?) because different macroscopic parts of the
same sample showed one or the other transition. In
PrOs4Sb12, the specific heat results are reproducible among

various samples of the same batch(see samples No. 1 and
No. 1a of the present work), and such an easy test does not
work.

The second case is of course UPt3: it is now well estab-
lished that the two transitions observed in the zero field are
intrinsic and correspond to order parameters of different
symmetries. But the first results on samples that were not
homogeneous enough showed exactly the same behavior as
the present one in PrOs4Sb12: two features in the susceptibil-
ity and a very broad(covering both transitions) resistive
transition.25 It was not until the sample quality improved
significantly that resistivity and susceptibility transitions
matched the higher one.26 The puzzling result for PrOs4Sb12,
compared to UPt3, is that despite the sharpness of the spe-
cific heat transitions, resistivity and susceptibility reveal in-
homogeneities, which means that this new compound prob-
ably has unusual metallurgical specificities.

Continuing the parallel with UPt3, basic measurements
rapidly supported the intrinsic origin of the two transitions:
they were probing the respective field and pressure depen-
dence of both transitions. Indeed, a completesH-Td phase
diagram was rapidly drawn, showing that in UPt3,

27 like in
U1−xThxBe13,

28 the two transitions observed in the zero field
eventually merged under a magnetic field, due to a substan-
tial difference indTc/dH. It is even more true for the pres-
sure dependence ofTc1,2, as the thermal dilation has jumps of
opposite sign at the two transitions, indicating opposite
variations ofTc1,2 under pressure(Ehrenfest relations).29 So
in this compound, the two transitions could be rapidly asso-
ciated with a change of the symmetry of the order parameter
indicating the unconventional nature of the superconducting
state.

We are not so lucky in the case of PrOs4Sb12: indeed, the
field dependence ofTc2 seems completely similar to that of
Tc1 (Fig. 4), a claim that will be made quantitative below. It
is the same situation as in URu2Si2,

24 and nothing in favor of
an intrinsic nature of the double transition can be deduced
from this phase diagram. Another phase diagram has already
been established by transport measurements, with a line
H*sTd separating regions of twofold and fourfold symmetry
in the angular dependence of thermal conductivity under
magnetic field.13 It may seem likely13,30 that this line would
merge with the double transition in the zero field. From the
line H8sTd drawn from our specific heat measurements
[Tc2sHd, Fig. 4], we can conclude that this is not the case:
H8sTd does not match the lineH*sTd drawn in Ref. 13, unless
there is an unlikely strong sample dependence of these lines.

A comparison of the pressure dependence ofTc1 andTc2
seems more promising: contrary to case of UPt3

29 the jump
of the thermal expansion at the two superconducting tem-
peratures does not change sign,16 but from the relative mag-
nitude of these jumps and our specific heat peaks, we get a
value dTc1/dp<−0.2 K/GPa, and twice as much for
dTc2/dp. This supports a different origin for both transitions.
The weak point is that the thermal expansion measurements
were done on two samples mounted on top of each other,
which were early samples with rather broad specific heat
transitions. Thus, the question of the intrinsic nature of the
double superconducting transition remains open.

FIG. 7. dc magnetization of samplen° 1a at HDC=1 Oe with
zero field cooled(ZFC) and field cooled(FC) sweeps. The Meissner
effect is 44% for this sample and 55% for sample No. 1b(not
shown). The superconductivity is bulk.
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B. Upper critical field

Another quantity which has not been thoroughly dis-
cussed is the upper critical fieldHc2sTd. In heavy fermion
superconductors,Hc2sTd has always proved to be an interest-
ing quantity, mainly due to the large mass enhancement of
the quasiparticles. Indeed, the usual orbital limitation is very
high in these systems, due to the low Fermi velocity, so that
the authors of Ref. 1 could, from theirHc2sTd data, confirm
the implication of heavy quasiparticles in the Cooper pairs
(revealed also by the specific heat jump atTc). They also
gave an estimate of the heaviest mass:<50 m0 , where m0 is
the free electron mass.

But, as the orbital limitation is very high,Hc2sTd is also
controlled by the paramagnetic effect. A quantitative fit of
Hc2sTd easily gives the amount of both limitations, except
that on this system,Hc2sTd has an extra feature: a small
initial positive curvature close toTc. This feature has been
systematically found, whatever the samples and the tech-
niques used to determineHc2sTd (r, x and Cp).1,13,14,22Our
data, obtained byr on sample No. 1c andCp on sample No.
1, matches all other published results. So we can now con-
sider this curvature of Hc2sTd as intrinsic, and not due to
some artifact of transport measurements, or coming from in-
homogeneity in the sample. Such an intrinsic positive curva-
ture also appears in MgB2

31 or in borocarbides like YNi2B2C
and LuNi2B2.

32

1. Physical inputs

We propose an explanation based on different gap ampli-
tudes for the different sheets of the Fermi surface of
PrOs4Sb12, which is made quantitative through a “two-band”
model.33 Microscopically, STM spectroscopy also reveals an
anisotropic gap, with zero density of states at low energy
(fully open gap) but a large smearing of the spectra.9 Recent
microwave spectroscopy measurements also discuss a two
band model,23 but in order to explain the double transition.
We insist that our model has nothing to do with the double
transition, which clearly involves heavy quasiparticles both
at Tc1 and atTc2 (see the size of the two specific heat jumps):
our aim is a quantitative understanding ofHc2sTd, based on
the normal state properties of PrOs4Sb12, as in MgB2 or bo-
rocarbides where no double transition has ever been ob-
served. The physical input of a multi-band model forHc2sTd
is to introduce different Fermi velocities and different inter
and intra band couplings. As a result,Tc is always larger than
for any of the individual bands.34 The slope ofHc2 at Tc is
larger for slower Fermi velocity(heavier) bands. Positive
curvature ofHc2sTd is easily obtained if the strongest cou-
pling is in the heaviest bands(large Hc2), with a slight Tc
increase due to the inter band coupling to the lightest bands
(small initial slope).32

2. The two-band model

There are at least three sheets for the Fermi surface of
PrOs4Sb12, but in the absence of a precise knowledge of the
pairing interaction, a full model would be unrealistic, having
an irrelevant number of free parameters. A two-band model

is enough to capture the physics of anisotropic pairing, al-
though only the correspondence with band calculations be-
comes looser. In our model, band 2 would correspond to the
lightest sbd band detected by de-Haas van Alphen measure-
ments, and band 1 would be a heavy band having most of the
density of states. Indeed, the de Haas-van Alphen experi-
ments on PrOs4Sb12

18,35 reveal the presence of light quasi-
particles(bandb) and heavier particles(bandg). The heavi-
est quasiparticles are at present only seen by thermodynamic
measurements(Cp or Hc2). Anisotropic coupling between the
quasiparticles is considered in the framework of an Eliash-
berg strong coupling two-band model33 in the clean limit,
with an Einstein phonon spectrum(characteristic “Debye”
frequencyV). Let us point out that the results do not depend
on (and a fortiori do not probe) the pairing mechanism,
which is likely to be much more exotic than the usual
electron-phonon mechanism. Compared to a single band cal-
culation, there is now a matrix of strong coupling parameters
li,j describing the diffusion of electrons of bandi to band j
by the excitations responsible for the pairing(see the Appen-
dix for detailed equations).

What matters forHc2sTd is the relative weight of theli,j,
not their absolute value: we considerTc or the renormalized
Fermi velocities as experimental inputs.li,j depends both on
the interaction matrix elements between bandsi and j , and
on the final density of states of bandj .34 In MgB2, it is
claimed that electron-phonon coupling is largest within thes
bands. Here, knowing nothing about the pairing mechanism,
we assume constant inter and intra band coupling, so that the
relative weight of theli,j is only governed by the density of
states of bandj . This density of states is itself proportional to
the contribution of that band to the specific heat Sommerfeld
coefficient: 500 mJ/K2 mol1 for band 1, 20 mJ/K2 mol for
band 2.18,35 The Fermi velocity of band 1(not observed by
de Haas-van Alphen measurements) is the main adjustable
parameter of the fit: we findvF1=0.01533106 m.s−1, in
agreement with Ref. 1 where the Fermi velocity has been
inferred from the slope ofHc2sTd at Tc ignoring the initial
positive curvature. All other coefficients are either arbitrary
sl1,1=1d (in agreement with the strong coupling supercon-
ductivity concluded in Ref. 11), conventional values(gyro-
magnetic ratio for the paramagnetic limitationg=2, Cou-
lomb repulsion parametermi,j

* =0.1 di,j), or fixed by
experimental data(Tc=1.887 K⇒V=21.7 K, vF2=0.116
3106 m.s−1 from the de Haas-van Alphen data on theb
band). The model fits well the experimental data(cf. Fig. 4),
including the small positive curvature. Before discussing the
interpretation of the fit as regards the values of the param-
eters and the parity of the superconducting order parameter,
let us note that we can fit theH8sTd line (Fig. 4 ) with the
same parameters as forHc2 exceptV, adjusted to giveTc
=1.716 K. There is a good agreement with all data except at
very low temperature or nearTc where the curvature is re-
duced compared toHc2sTd. However, these deviations are
weak, and this is why we claim thatH8sTd has the same
behavior asHc2sTd, which does not help to identify the sec-
ond transition with a symmetry change of the superconduct-
ing order parameter.
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3. Interpretation

Shown also in Fig. 8 are the calculations ofHc2sTd for a
single band model:vF1, the characteristic frequencyV and
l1,1 have the same values as before, but all otherli,j coeffi-
cients have been turned down to zero, eliminating the effects
of the light electron band.Tc is then reduced(down to
1.78 K) and the positive curvature disappears. We also ob-
serve that the fit ofHc2 is basically unchanged above 1 T,
meaning that low fields suppress the superconductivity due
to the light electron band restoring a “single band” supercon-
ducting state. This is the same effect observed more directly
in MgB2 with specific heat measurements under magnetic
field: the smaller gap rapidly vanishes, leading to a finite
density of states at the Fermi level under magnetic fields due
to the p band.36 This suppression of the light quasiparticle
superconductivity would have here an effect on specific heat
too small to be observed(contribution of the light quasipar-
ticles to the specific heat of order 4% of the Sommerfeld
coefficient, itself buried in the large Schottky anomaly). But
it may have much larger effects on transport. Let us note that
the clean limit isa posteriori justified: from vF1, we find a
coherence lengthj0,110 Å, whereas from a residual resis-
tivity r0 and specific heat coefficientg,0.5 J/K2 mol,2
3103 J/K2 m3, we getvF1l ,3L0/rg,2310−3 m2/s yield-
ing a mean free pathl ,1300 Å.10 j0.

More interestingly, the quantitative fit ofHc2 also allows a
discussion of the parity of the order parameter in PrOs4Sb12.
Indeed, like other heavy fermion superconductors, despite
the low-Tc value,Hc2 can be sensitive to the Pauli limit in
case of singlet pairing. The fit in Fig. 8 includes this para-

magnetic limitation, with the conventional free electron
value forg sg=2d. Also shown in Fig. 8 is the calculation of
Hc2sTd with the same parameters but forg=0, i.e., without
any paramagnetic limit. The strong deviations observed dem-
onstrate that the paramagnetic effect controlsHc2 at low tem-
perature in PrOs4Sb12. Quantitatively, the paramagnetic ef-
fect depends on the coupling strength. Yet, we choose
arbitrarily l=1. A rather strong coupling regime is supported
by NQR experiments.11 Even for a weak coupling picture
sl=0.6d, the fit yieldsg=1.55. In both cases, the paramag-
netic limit remains important, supporting a singlet nature of
the superconductivity, contrary to what had been suggested
in Ref. 37–39 and in agreement with the supposition in Ref.
7 and 30. This result should be quite robust, independent of
the two-band model. It could be invalidated if the mass
renormalization mechanism was field dependent, which
could be an explanation for the difference in the large spe-
cific heat Sommerfeld coefficient obtained in the low field,
and the de Haas-van Alphen measurements performed at a
high field.8 In such a case, the “saturation” ofHc2sTd at low
temperature could arise from a reinforcement of the orbital
limitation alone.

VI. CONCLUSION

To conclude, we have drawn a very precise superconduct-
ing phase diagram of PrO4Sb12 down to 350 mK, by a spe-
cific heat measurement. We have yet no clear evidence of the
unconventional nature of the superconducting order param-
eter from this phase diagram. The superconducting phase
diagram with the symmetry change of the order parameter
drawn by Izawaet al.13 from transport measurements does
not seem related to the double transition observed with spe-
cific heat measurements. Despite the high quality of the
sample, we cannot completely exclude that there are still two
parts with differentTc in our sample, asH8sTd is just scaled
from Hc2 with respect toTc. The puzzling result is that de-
spite sharp specific heat transitions, inhomogeneities are still
present in the samples. This calls for caution in the claim of
various types of nodes of the gap by different sophisticated
techniques: the most urgent task is to understand the problem
of sample quality. In contrast the upper critical field is very
reproducible, independent of samples and types of measure-
ments. It has been analyzed with a strong coupling two-band
model taking into account the spread in the effective masses
of the quasi-particles and of the pairing strength as suggested
also by STM spectroscopy measurements.9 The strong influ-
ence of the paramagnetic limit onHc2 is the first experimen-
tal argument for a singlet superconducting order parameter.
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FIG. 8. Open circles show the data ofHc2sTd by specific heat
measurement on PrOs4Sb12 (sample No. 1). The lines show fits with
a two-band model(solid line), with a single band model(dashed
line), without the paramagnetic limitsg=0d (dotted line). It shows
that the increase ofTc due to the coupling with lightqp band is
rapidly suppressed in weak magnetic fields.Hc2 is also clearly Pauli
limited, supporting a singlet superconducting state. The parameters
for the solid line fit are g=2, mi,j

* =0.1di,j, vF1=0.0153
3106 m.s−1 (heavy band), vF2=0.1163106 m s−1 (lightest band,
from de Haas-van Alphen oscillations) [Ref. 18], Tc

=1.887 K⇒V=21.7 K.
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APPENDIX: THE TWO-BAND MODEL

Equations for two band superconductors have been given
by numerous authors.32–34For the sake of completeness, here
we give the linearized gap equations under a magnetic field,
for a superconductor in the clean limit(negligible impurity
scattering), as can be found in Ref. 32[with corrections of
typewriting mistakes of factor 2 in the Matsubara frequency
and definition ofli,jsnd]. In the following, i and j are the
band index,ai,jFsvd is the density of interactions from band
i to j (involving diffusion from bandi to j), vFi is the Fermi
velocity of bandi andHc2 is the upper critical field:

D̃isnd = pTo
j ,m

fli,jsm− nd − m*di,jusvc − uvmudg

3 x jsmdD̃ jsmdsvmd,

ṽisnd = vn + pTo
j ,m

fli,jsm− ndgsgnsvmd,

xisnd = s2/ÎbidE
0

`

dq exps− q2d

3 tan−1H qÎbi

fuṽisndu + imBHc2 sgnsvndgJ , sA1d

with

bi = pHc2vFi
2 /s2f0d, vn = pTs2n + 1d,

li,jsn − md = 2E
0

`

dvai,j
2 v

Fsvd
v2 + svn − vmd2 .

The value ofHc2 is given by the largest set of values ofbi
yielding a nontrivial solution of Eq.(A1).

We have used in addition an Einstein spectrum for the
density of interactions:

ai,jsvdFsvd =
li,jV

2
dsv − Vd,

introducing a characteristic energy scaleV. In the calcula-
tions, we findV<21 K: let us note that in reality, this value
of V remains undetermined, as it depends directly of the
absolute value of theli,j whereas the shape ofHc2 is con-
trolled only by the relative size of theli,j (as long as they are
not too large). Nevertheless, a rather small value ofv is
indeed possible in heavy-fermion systems, because the heavy
fermion state is precisely occurring due to the presence of
small energy scales. The cut-off parametervc in Eq. (A1) is
taken to 10V, and the infinite system of Eq.(A1) has been
truncated at each temperature whenuvnu reachesvc.

Eventually, let us note that bare Fermi velocities enter the
above equations, and that renormalized Fermi velocities:
vFi

* =vFi / s1+o j li,jd should be used for comparison to spe-
cific heat or de Haas-van Alphen measurements.34
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