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Very-low-temperature tunneling spectroscopy in the heavy-fermion superconductor PrOs4Sb12
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We present scanning tunneling spectroscopy measurements on the heavy-fermion superconductor
PrOs4Sb12. Our results show that the superconducting gap opens over a large part of the Fermi surface. The
deviations from isotropic BCSs-wave behavior are discussed in terms of a finite distribution of values of the
superconducting gap.
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The intriguing magnetic and superconducting proper
of most heavy-fermion metals, which include, e.g., coex
ence of superconductivity with ferromagnetism, non-Ferm
liquid behaviors, or multiple superconducting phases, rep
sent a challenge to our current understanding of conden
matter physics.1–3 The route towards the discovery of hea
fermions is to synthesize materials that maintain degree
freedom~e.g., local magnetic or electric moments!, which do
not undergo a phase transition upon cooling and are cou
to the electron bath. A large entropy can then be preser
down to low temperatures, and transferred over to the e
trons. Pr31 ions offer this possibility if the Pr is in a cubi
point symmetry, where the crystal electric-field ground st
can be a nonmagnetic, non-KramersG3 doublet, which can
provide the entropy needed to create a heavy-fermion gro
state if a cooperative Jahn-Teller transition can be avoide4,5

PrInAg2 meets these criteria, and it was shown to be the fi
possible example of a Pr-based heavy fermion with a v
large linear specific-heat coefficient of 6.5 J/mol K2.4 Unfor-
tunately PrInAg2 did not superconduct down to 50 mK, ma
ing it hard to independently ascertain that the large lin
specific-heat term was indeed of electronic origin. Recen
superconductivity has been found withTc51.85 K in an-
other Pr based heavy fermion,6 PrOs4Sb12, where large elec-
tronic specific-heat coefficientsg between 300 and
500 mJ/mol K2 have been reported.6,7,9–11The height of the
jump of the specific heat at the superconducting transit
which compares well with the BCS theory, shows that
large g is indeed associated with the conduction electro
and that, in addition, the heavy electronic ba
superconducts.6,7,9,10 Moreover, two superconducting trans
tions have been clearly resolved in the specific heat at
and 1.85 K in high quality single crystalline samples, givi
strong indications for the presence of multiple supercond
ing phases.7,9,10 The situation seems analogous to the o
other known stoichiometric superconductor that prese
multiple superconducting phases, UPt3.3,12 In that case, mos
present theoretical and experimental scenarios associat
Cooper pairing mechanism that leads to multiple phase
perconductivity to magnetic fluctuations.12 Instead, in
PrOs4Sb12, interactions with fluctuating quadrupolar~elec-
tric! moments seem the most likely mechanism that dri
the system to an unconventional, multiple phase superc
ducting state.6,7,9–11,13–15 Note also that the isostructura
0163-1829/2004/69~6!/060504~4!/$22.50 69 0605
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compound LaOs4Sb12, which does not show heavy-fermio
behavior,16 superconducts with a lower critical temperatu
@1 K Ref. ~9!#.

The determination of the most fundamental supercond
ing properties of PrOs4Sb12 is clearly needed to understan
the formation of unconventional, multiple phase superc
ductivity. One of the first and most important points is to t
to resolve the structure of the superconducting gap in the
temperature, low magnetic-field phase, which occupies
largest part of the phase diagram.7,8 Indirect information can
be obtained by thermodynamic, transport, magnetic, or NM
measurements, but the experiments that have been don
to now lead to contradictory results, and are therefore
conclusive. Specific heat does not seem adequate to stud
superconducting gap, because it shows a high Schottky p
at low temperatures.6,7,9–11 Nuclear quadrupole resonanc
measurements show an exponential decrease of 1/T1T at low
temperatures13 associated with a well-developed gap. T
London penetration depth, as measured with muon spin
laxation, also appears to decrease exponentially at
temperatures.14 On the other hand, the angular depende
thermal conductivity under magnetic fields appears to
strongly modulated due to significant changes in the sup
conducting gap over the Fermi surface. This result has b
associated with the presence of point nodes.15

Here we present direct measurements of the super
ducting gap in PrOs4Sb12, done with high-resolution tunnel
ing spectroscopy studies in the superconducting phase w
scanning tunneling microscope~STM!. We find a supercon-
ducting density of states with no low-energy excitations a
a well-developed superconducting gap.

We use a home built STM unit and electronics installed
a partially home built dilution refrigerator and tested by me
suring the superconducting properties of Al, which is pos
bly the best known superconducting material with a critic
temperature~1.2 K! of the same order of magnitude a
PrOs4Sb12 ~1.85 K!. The spectra between a gold tip and
Al sample are perfectly fitted to conventional isotropic BC
s-wave theory.17 The lowest measuring temperature of o
setup is T5190 mK. Single crystals of PrOs4Sb12 were
grown out of a ternary melt that was rich in both Os and S
A starting composition of Pr2Os16Sb82 was heated to 1200 °C
and cooled over 100 h to 725 °C and then decanted, rev
©2004 The American Physical Society04-1
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ing small cubic crystals. We measured three samples in e
different cool downs by placing a Au tip on optically ne
and flat faces of the single crystals. Within a given co
down, we changed the macroscopic position of the Au tip
the surface and measured many~more than 50 in total! dif-
ferent scanning windows (1003100 nm2), using the posi-
tioning capabilities of ourxy table, as in previous work.18

The measured work functions were always of several e
and the topography was reproducible upon changes of
tunneling current. It consists of inclined planes and bum
with typical corrugations of about 4 nm~inset of Fig. 1!,
indicating that the crystallographic direction of the surface
not well defined at the nanoscopic length scales relevan
this experiment.

Typical spectra~Fig. 1! show a clean density of state
with no low-energy excitations, demonstrating that the sup
conducting gap is well developed over a large part of
Fermi surface. The best fit with isotropic BCSs-wave theory
is shown by the line in Fig. 1. UsingT50.19 K we obtain a
value for the superconducting gapD5270 meV, which
gives 2D/kBTc53.4, very close to the BCS value 3.53. No
that differences between the experiment and the fit
clearly resolved, thanks to the high resolution in voltage
our experiment.17

The tunneling current depends on the overlap of the e
tron wave functions of tip and sample near the surface, be

FIG. 1. Current-voltage characteristics~a! and tunneling con-
ductance~b! between PrOs4Sb12 and a tip of Au at 0.19 K. The
superconducting gap is well developed with no low-energy exc
tions. The line in~b! is the prediction from conventional isotropi
BCS s-wave theory usingD5270 m eV andT50.19 K. The inset
in ~b! shows a typical topographic image of the surface, repres
ing an area of 50350 nm2, with a corrugation of about 4 nm.
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therefore a sum of the contributions from electrons com
from different sheets of the Fermi surface havingk vectors
with distinct orientations. If the superconducting gap is a
isotropic in a given sheet, or if it does not have the sa
value in different sheets of the Fermi surface, or both,
tunneling spectra reflect this distribution of values of t
superconducting gap by showing more broadened coher
peaks, which produce a deviation from isotropic BCS s-wa
behavior~Fig. 1 and, e.g., Ref. 19!. Defects, grain bound-
aries, or other perturbations that one can figure out to oc
near the surface can lead to two effects: either a decreas
the observed anisotropy through the mixing of the electro
wave functions from different parts of the Fermi surfa
caused by strong interband and/or intraband electro
scattering,20–23 resulting in less broadened coherence pea
or to pair breaking effects, resulting in an increased resid
density of states at the Fermi level. The former was not
served, and the latter has been observed in some locatio
the surface, as discussed further on. Therefore, the devia
between the experiment and the fit shown in Fig. 1 must
intrinsic to the superconducting density of states in this co
pound.

Note that the conductance begins to increase at ab
120 mV, and the highest point of the coherence peak is
cated at 325mV. As a matter of fact, the shape of the tu
neling spectra we find is similar to the form of the spec
taken in the much studied material NbSe2,19 where a distri-
bution of values of the superconducting gap over the Fe
surface was deduced from first experiments.19 Subsequent
work have identified this distribution as coming from diffe
ent gap values in different sheets of the Fermi surface in
compound~multiband superconductivity!.24,25Whereas more
work is clearly needed to understand the origin of the g
distribution in PrOs4Sb12, it is noteworthy to remark tha
strong changes in the mass renormalization in differ
sheets has been found in the de Haas van Alphen exp
ments of Ref. 16. These changes may also lead to the d
bution of values of the superconducting gap measured in
experiment. This strengthens the idea that both the m
renormalization and superconductivity are of the same
gin, i.e., the quadrupolar fluctuations favor superconduct
correlations, as well as the possible multiband characte
superconductivity in this compound.

The spectra are smeared when we increase the temp
ture, as shown in Fig. 2~a!, and become flat above the bu
critical temperature~1.85 K!. The mean value of the supe
conducting gap, determined as in Refs. 23 and 26, is sh
in Fig. 2~b!. Using BCS prediction for the temperature d
pendence of the gap@line in Fig. 2~b!#, we can extrapolate
the data and obtain a critical temperature of 1.8 K, which
the bulk Tc ~1.85 K! value within our experimental erro
~10%!.

The superconducting properties in this compound clea
differ from the ones in magnetically mediated Ce or U hea
fermions. Although we could not find any published ST
measurements in the tunneling regime and in the super
ducting phase in these materials, there is compelling e
dence from many different techniques sensitive to the su
conducting density of states that a large amount of lo
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energy excitations due to a strongly anisotrop
superconducting gap is found in most cases. For insta
many experiments show now that the multiphase superc
ductor UPt3 presents a line node along the basal plane
nodes along thec axis of its hexagonal crystalline structur
with a superconducting gap that decreases by more tha
order of magnitude at the nodes.12,27 In the case of
PrOs4Sb12, there are at present no data pointing towa
extended gapless regions on the Fermi surface, as the
caused by a line of nodes, so that the superconducting
appears to be opened in a much larger part of the Fe
surface than in UPt3.

The observed behavior has been reproduced in diffe
places, but it is not found over the whole surface. In gene
regions with no residual density of states, as shown in F
3~a! and 3~b!, have typical sizes of several times the coh
ence length (j0512 nm Ref. 6! and are surrounded by re
gions where a finite density of states appears at the Fe
level, shown in Figs. 3~c! and 3~d!. We can also easily find
regions with much less well-defined superconducting f

FIG. 2. In ~a! we show the temperature dependence of the t
nelling conductance between superconducting PrOs4Sb12 and a nor-
mal tip of Au. The curves have been displaced by 0.5 units in th
axis for clarity. The data were taken at 0.2,0.3,0.4,0.6,0.8,1,1.2
K from bottom to top. In b. the mean value of the superconduct
gap @from arrows in~a!, see Refs. 23 and 26 for more details# is
shown as a function of temperature, together with the predictio
the BCS theory~line!. The extrapolated critical temperature coi
cides with the value found in the bulk.
et
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tures~not shown in the figure!. When we find a finite density
of states at the Fermi level, the superconducting features
disappear at a temperature smaller than critical tempera
of the bulk, indicating that the physical origin for the residu
density of states at the Fermi level is some kind of stro
pair breaking effect appearing near the surface, easily
tected with our technique.

In conclusion, we performed a direct measurement of
superconducting gap through high-resolution local tunnel
spectroscopy measurements in the heavy-fermion super
ductor PrOs4Sb12. Typical spectra demonstrate that the s
perconducting gap is well developed over a large part of
Fermi surface. The presence of a finite distribution of valu
of the superconducting gap over the Fermi surface can
inferred from deviations between the experiment and iso
pic BCSs-wave behavior.
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Ames Laboratory is operated for the U.S. Department of E
ergy by Iowa State University under Contract No. W-740
Eng-82. This work was supported by the Director for Ener
Research, Office of Basic Energy Sciences.
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FIG. 3. Set of tunneling conductance curves taken in differ
positions on the surface of PrOs4Sb12 at 0.19 K with a tip of Au.
The curves have been displaced by 0.75 units in they axis for
clarity, and the lines show the location of zero conductance for e
curve. The finite density of states at the Fermi level measure
some positions~c,d! shows that pair breaking effects can appear
the surface of this compound.
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