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We report measurements of the magneti eld dependen e of the low
temperature spe i heat of single rystal samples of the heavy-fermion
super ondu tor PrOs4 Sb12 . The spe i heat anomaly at
resides on
a large S hottky anomaly and exhibits a double peak stru ture similar to
the behaviour observed in UPt3 . For
2 T, the S hottky anomaly beomes in reasingly suppressed. At low , a maximum develops for
4 5T
whi h sharpens onsiderably and shifts to higher with in reasing
orresponding to a feature in the ele tri al resistivity. This suggests a eld tuned
= 0 phase transition to a high eld phase just above the suppression of
super ondu tivity.
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PACS numbers: 74.70.Tx, 65.40.b, 71.27.+a, 75.30.Mb

The ri h variety of ground states exhibited by intermetalli ompounds
in the lled skutterudite stru ture ranges from Kondo insulators to superondu tivity. An espe ially interesting material is PrOs4 Sb12 whi h appears
to be the rst Pr based heavy fermion super ondu tor [1℄. Measurements of
the ele tri al resistivity and the magnetisation show both of the two hallmarks of super ondu tivity, zero resistivity and the Meissner ee t. The
super ondu tivity is a bulk ee t as previously inferred from a fairly broad
anomaly at T , whi h resides on top of a S hottky anomaly. This S hottky
anomaly and the magneti sus eptibility suggest that the rystal ele tri
eld ground state of Pr is a non-magneti 3 doublet, providing a possible
opportunity to observe two hannel Kondo physi s.
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PrOs4 Sb12 rystallizes in the ubi LaFe4 P12 -type stru ture (spa e group

Im3). The single rystalline samples of PrOs4 Sb12 have been grown from

a Sb ux. The spe i heat has been measured using a quasi-adiabati heat
pulse te hnique in a 4 He refrigerator in magneti elds up to 14 T and in
a dilution refrigerator in magneti elds up to 6:65 T down to 100 mK. An
aggregate of ve small single rystals was studied abd ompared with a large
single rystalline pie e. The spe i heat of the single pie e was 9 % lower,
probably due to a small quantity of Sb in lusions, but otherwise in perfe t
agreement.
Fig. 1 shows the spe i heat in the form C=T as a fun tion of temperature T for low magneti elds. With de reasing temperature C=T exhibits
a maximum at T  2 K and de reases at lower temperatures. The super ondu ting transition at T = 1:85 K is asso iated with a pronoun ed anomaly
in the spe i heat. Data for B = 0 and T > T up to 10 K an be des ribed by three ontributions (solid line): (i) an ele troni term C=T =
with = 313 mJ/molK2 , (ii) a phononi part with a Debye temperature
of D = 165 K, and (iii) a S hottky anomaly due to the rystal ele tri
eld splitting of the Pr3 H4 ground state into a 3 ground state doublet and
a 5 triplet with a separation of  = 7:0 K. The high absolute value of the
spe i heat together with the oe ient of the S hottky peak (1 Pr/f.u.)
shows that the samples are of high quality.
The inset of Fig. 1 shows the spe i heat C=T as a fun tion of T near
T . Two pronoun ed anomalies are resolved, where the upper transition
orresponds to the zero resistan e and Meissner transition temperatures.
The double transition has been observed on the aggregate of ve rystals
and the individual single rystalline pie e, ruling out sample inhomogenities
as a possible ause. The anomaly in C=T is suppressed for B > 0:5 T.
A double super ondu ting transition was previously reported in referen e [2℄.
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Fig. 1. Spe i heat
versus temperature in magneti elds up to 0.5 T.
The inset displays the spe i heat near the super ondu ting transition.
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The spe i heat for B = 0 near T after subtra tion of the phonon
and the S hottky ontribution is shown as C=T versus T in Fig. 2. The
solid line is an equal entropy onstru tion showing that the two transitions
are of equal height. The two super ondu ting transition temperatures are
estimated to be T 1 = 1:75 K and T 2 = 1:85 K. The ratio Cs = T  3
ex eeds the BCS weak oupling value Cs = T = 1:43 by over a fa tor of
two, where Cs is the total height of both super ondu ting jumps taken
together.
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Fig. 2. Ele troni ontribution to the spe i heat
versus temperature .
The solid urve shows an entropy onserving onstru tion as explained in the text.

The spe i heat C as a fun tion of T in magneti elds up to 14 T
is shown in Fig. 3. The S hottky anomaly is strongly suppressed by the
magneti eld as expe ted for a Zeeman splitting of the f ele tron states.
However, a quantitative a ount of the Zeeman splitting of the f ele tron
levels in a magneti eld requires knowledge of the intera tions between
the f ele trons. For T < 1 K a pronoun ed maximum for B > 4:5 T is
resolved that shifts from T = 0:7 K for B = 5 T to T = 1 K for B = 6:65 T
and sharpens onsiderably. This maximum orresponds to a kink in the
resistivity [3℄ and may be related to a eld tuned T = 0 phase transition
near B  4:5 T. At the lowest T , a strong in rease of C is observed with
de reasing T . This in rease may be due to the splitting of the doublet
ground state in a magneti eld and additional ontributions from hyperne
enhan ed Zeeman splitting of the Pr nu lear levels.
In summary, we have examined the super ondu ting transition in
PrOs4 Sb12 and observed a double transition at the onset of super onu tivity, possibly indi ating un onventionel super ondu tivity. The spe i
heat in the normal state is inuen ed by intera tions between the lo alised
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Fig. 3. Spe i heat
versus temperature in magneti elds up to 14 T. The
high S hottky anomaly is rapidly suppressed up to 14 T. A pronoun ed anomaly,
indi ating an ordered state stabilized in high eld, is resolved at low .
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f ele trons of Pr, possibly related to a eld indu ed phase transition for
B > 4:5 T, just above H 2 = 2:2 T, but may be unambiguously explained by

a

3

doublet ground state and

5

low lying triplet state.
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