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The thermal conductivityk of the heavy-fermion superconductor UPt3 was measured down toTc/10, along
theb andc axis of a single crystal. The anisotropy ratiokc/kb asT→0 is shown to be a powerful new probe
of the gap structure in this compound. Our observation of a nonvanishing value for this ratio establishes a
property of the gap in theB phase: the presence of nodes along thec axis. Furthermore, recent calculations by
Fledderjohann and Hirschfeld strongly suggest these cannot be point nodes with a lineark dependence.

One of the central endeavors in the field of unconven-
tional superconductivity is the precise determination of the
gap structure. Numerous efforts are currently being made to
establish whether or not ad-wave gap is realized in the cu-
prate superconductors. In the heavy-fermion superconductor
UPt3 , a number of candidate states are still possible after 10
years of investigation. Any state with a line node in the basal
plane of the hexagonal crystal structure is compatible with
most of the existing data.1,2 In particular, any such state is
thought to be compatible with the compelling anisotropy of
transverse sound attenuation.3 A related issue of interest is
the impact of impurity scattering on the low-temperature
properties of such superconducting states. The appearance of
gapless behavior, i.e., a residual density of quasiparticle ex-
citations at T50, is under active investigation in the
high-Tc cuprates. In heavy fermions, no detailed study has
been made of this issue, even though the specific heat of
UPt3 , for example, has often been held as indicative of a
residual normal fluid, nor have there been quantitative com-
parisons with existing calculations.

The detailed nodal structure of the gap and the effect of
impurity scattering can best be studied at very low tempera-
tures, typically in the region ofTc/10. In a previous paper,4

we showed how the thermal conductivity is a privileged
probe of quasiparticles in UPt3 . In particular, it is sensitive
to the anisotropy of the gap structure. Motivated by the re-
cent calculations of Fledderjohann and Hirschfeld,5 we have
now measured the thermal conductivity of UPt3 down to
Tc/10 and report two new facts:~1! there is no trace of a
residual normal fluid atT50 ~at the 1% level! and ~2! the
gap must go to zero along thec axis, in addition to the
well-established line node in the basal plane.

The details of the experiment and the crystal characteris-
tics are given in Ref. 4. The thermal conductivityk(T) of
UPt3 was measured for a heat current along theb axis and
thec axis, down toT5Tc/10.50 mK. The low-temperature
results are shown in Fig. 1, plotted ask/T vs T, while the
overall behavior is shown in the inset. The error bars are less
than the size of the data points, namely 5% at 50 mK and 1%
at 150 mK, the main source of uncertainty being the calibra-
tion of the two thermometers on the sample. The normal
state behaviour belowTc

150.5 K, calledkN , was obtained
by applying a magnetic field of 3T.Hc2~0! ~dashed lines!.
In this paper, we are only concerned with phaseB ~below
Tc

250.44 K!.2

In order to use heat conduction as a measure of electronic
transport one must ensure that phonons do not contribute
significantly. The safest estimate of the maximum possible
phonon contribution is obtained by using the formulakph5
CphvphLph/3, whereCph5bT3 is the low-temperature pho-
non specific heat,vph is the average sound velocity, and
Lph is the phonon mean free path. One then assumes that
Lph takes on its maximum value, namely the size of the
crystal, equal to 0.7 mm.4 From published data,b520
J K24 m23 ~Ref. 6! andvph ~Ref. 7! is 1880~1440! m s21

for the b (c) axis.6 Therefore, the maximumkph585 ~67!
T3 mW K21 cm21 for theb (c) axis. ForT,150 mK, this
represents at most 15% of the measuredkb and 6% ofkc .
Of course, scattering by quasiparticles will strongly decrease
Lph from this maximum possible value. Hence,kph is cer-
tainly less than the upper bounds of 15% and 6%, and can
thus be neglected. We point out that while in our crystal the
electronic mean free path is long enough to ensure that
kph!ke , this is less likely to have been the case in previous

FIG. 1. Low-temperature thermal conductivity of UPt3 , divided
by temperature, for a heat current along thec axis ~open circles!
and theb axis ~solid circles!. Inset:k/T up to 0.8 K. The normal
state behavior (kN), obtained by applying a field aboveHc2 , is also
shown~dashed lines!.
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measurements on polycrystalline UPt3 , whereke was 4–6
times smaller, not to mention measurements on other heavy-
fermion compounds.1 As a result, we believe this is the first
time heat transport by heavy-fermion quasiparticles is reli-
ably measured down toTc/10. This allows us to examine the
possibility of a residual normal fluid atT50 and it provides
us with a new and powerful probe of the gap structure.

Ideally, the question of a residual normal fluid should be
answered by low-temperature measurements of the specific
heat. Unfortunately, this has proven difficult both in UPt3
and in the high-Tc cuprates, for two reasons. First, sizable
nonlinear contributions toC(T) exist at low temperature. In
UPt3 , the quasiparticle contribution, although large, is over-
whelmed below 100 mK by a huge upturn inC/T of ill-
understood origin.8 Second, even if a residual linear term is
extracted reliably, it cannot automatically be attributed en-
tirely to fermion excitations. For UPt3 , the standard ap-
proach has been to extrapolate down from the roughly linear
behavior ofC/T observed above about 100 mK,1,2,8 assum-
ing it to persist down toT50. This procedure yields an
intercept atT50, calledg0 , which typically ranges from 10
to 40% of the normal state valuegN .

1,8 In our crystal,
g0516%gN .

9

The observation of a finitek/T at T→0 would be a direct
indication of zero-energy quasiparticle excitations. From Fig.
1, it is clear that a smooth extension of thek/T data toT50
leads to a negligible intercept. More quantitatively, at
T50.1Tc

2 , k/kN52 ~4!% for Jic(b), or 3% on average,
whereas an extrapolatedC/T for the same crystal gives
g(T50.1Tc)/gN530%. This order-of-magnitude discrep-
ancy, combined with the strong sample dependence ofg0 ,
certainly suggests that such ag0 is of extrinsic origin. To
settle this point, however, a detailed comparison with theory
is needed.

The impact of impurity scattering on unconventional gap
structures was treated by several authors in the mid 1980s
~see Refs. 1, 10 and 11 and references therein!. Within a
weak-coupling BCS theory, Hirschfeldet al.10 showed that a
self-consistent treatment of impurity scattering for a gap with
line nodes can lead to a residual density of quasiparticle
states, showing up as a finiteC/T andk/T at T50. Recent
calculations of this kind were performed by Fledderjohann
and Hirschfeld5 for three uniaxial gap structures, each with a
line node in the basal plane:~1! a polar gap~with no other
nodes! and~2! two hybrid gaps~with in addition a point node
at each pole, i.e., along thec axis!. One of the hybrid gaps,
which we call hybrid-I, vanishes linearly ink at the point
nodes, while the other, called hybrid-II, vanishes quadrati-
cally. Some of the states allowed by hexagonal symmetry to
which these gaps correspond are listed in Table I. The calcu-
lations so far assume a single ellipsoidal Fermi surface and
s-wave scattering, and they require two input parameters: the
impurity scattering rateG0 and the scattering phase shift
d0 .

5 The assumption of isotropic scattering is supported by
the fact that both elastic and inelastic processes give the
same anisotropy in normal state transport, i.e.,kc /kb52.8
andsc /sb52.7 fromT50.1 K to 0.8 K, which can there-
fore be attributed to an anisotropy in the Fermi velocity.4,5

From de Haas–van Alphen~dHvA! measurements,12 the
Fermi surface is known to be made of several sheets, and a
single ellipsoid is certainly an oversimplification. However,

the usual Dingle plot analysis yields fairly uniform scattering
rates, witht 5 1/GdHvA52–4310211 s, in crystals of a
quality comparable to ours.12 In temperature, this corre-
sponds toGdHvA50.2–0.4Tc . The scattering rateG0 appro-
priate for transport will be smaller thanGdHvA by a factor
which depends on the type of scattering. A value of
G050.1Tc seems reasonable, corresponding to
l 05vF /G05400 nm.12 A separate estimate, obtained from
the shear viscosity atTc ,

11 gives G(Tc)5G0@r(Tc)/r0# 5
0.22Tc , so that againG0 .0.1Tc . Of course, these estimates
of G0 could be off by a factor 2 or so, but hopefully not by
much more. As ford0 , Fledderjohann and Hirschfeld as-
sumed the unitary limit ofp/2; theoretical arguments for
such a limit can be found in Refs. 10 and 11, and in refer-
ences therein.

The calculatedkb ,
5 for two values of G0 ~0.1 and

0.01Tc) is reproduced in Fig. 2, along with our data. The
data are plotted ask/kN vs T/Tc , wherekN5T/(a1bT2)
~Ref. 4! and Tc5Tc

250.44 K. Given thatb/a54.0 K22,4

kN deviates from linear behavior~elastic scattering! by only

TABLE I. The gap structure of uniaxial states allowed by hex-
agonal symmetry~for strong spin-orbit coupling and ellipsoidal
Fermi surface!, and the limiting value of the anisotropy ratiokc/
kb expected asT→0, in the absence of gapless behavior~see Ref.
5!. The nodal structures include a gap going to zero at a point along
the c axis, either with a linear~LP! or a quadratic~QP! k depen-
dence, and along a line in the basal plane. Only those odd-parity
states withdic are listed~see Ref. 14!.

Gap Nodes States kc /kb

S wave None A1g (Db,Dc) 0
Axial I LP E1u(1,i ) `

Axial II QP E2g(1,i ) `

Polar Line A1u 0
Hybrid I Line 1 LP E1g(1,i ) 0
Hybrid II Line 1 QP E2u(1,i ) 1

FIG. 2. Thermal conductivity along theb axis, normalized by
the normal state conductivitykN(T), for temperatures below
0.3Tc , whereTc5Tc

250.44 K. The data~points! are compared
with calculations for two uniaxial gaps with line nodes~polar and
hybrid II! and for two values of the impurity scattering rateG0 ,
0.1Tc ~solid lines! and 0.01Tc ~dashed lines! ~after Ref. 5!.
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7% at T50.3Tc . This means that inelastic scattering can
safely be neglected below that temperature. The calculations
of Fig. 2 assume elastic scattering only, so that
kN(T)5T@k(Tc)/Tc#. Only the curves for a polar and a
hybrid-II gap structures are shown; the corresponding curves
for the hybrid-I gap lie in between.5 Inspection of Fig. 2
reveals that the rapid increase ink/kN with temperature, an
order of magnitude faster than in a conventional
superconductor,4 is well reproduced by the calculations; this
is a convincing confirmation of a line node in the basal plane
of the gap structure of UPt3 ~phase B!. However, the data
show less curvature than either of the curves with
G0 /Tc50.1 and, indeed, will not smoothly extrapolate to any
significant intercept atT50, such as expected from the
theory. In this sense, the observed behavior is more compat-
ible with calculations based on a smallerG0 , such as
0.01Tc . Until the real Fermi surface is used both in the
calculations and in the estimates of a transportG0 , related
directly to the measuredr0 , it is difficult to make firm con-
clusions from this comparison. Nevertheless, it does seem as
though a very low scattering rate is needed to keep the num-
ber of zero-energy quasiparticle excitations obtained in the
current self-consistent calculations at the low level observed
in the experiment. Finally, we stress that although the calcu-
lation for a hybrid-II gap withG050.01Tc can account rea-
sonably well for the observedkb(T) at low temperatures, it
also does for the hybrid-I gap, so that one cannot discrimi-
nate between the two types of gap on this basis alone.

The anisotropy of electronic heat conduction has long
been known to be a useful probe of gap anisotropy, even in
s-wave superconductors. In Ref. 4 we showed how the ratio
kc/kb is a direct probe of the anisotropy of the gap in
UPt3 , insofar as it is constant aboveTc and starts falling
immediately belowTc ~see inset of Fig. 3!. The fact that it
decreases rather than increases suggests there are more ther-
mally excited quasiparticles with velocities along theb axis
than along thec axis. This could either result from a finite
gap being larger alongc than alongb ~anisotropics-wave
gap!, from the presence of nodes in the gap along theb axis
in the absence of any along thec axis ~polar gap!, or from
the presence of nodes along both axes~hybrid gap! provided
the nodal structure is such that more quasiparticles have
vib. Note, however, that the current discussion relies on the
assumption that the scattering rate does not change with tem-
perature in some unexpected way belowTc . To be free from
such ambiguity, the analysis must be done in a regime where
the strong electron-electron scattering is not important,
namely below 150 mK or so. Moreover, it is in the limit of
T→0 that a measurement ofkc /kb becomes particularly
useful. Indeed atT!Tc , the regions of the gap very close to
the nodes dominate the thermal properties and a measure-
ment of heat conduction can then shed light on the detailed
structure of the gap in the vicinity of both high-symmetry
directions.

Our results forkc /kb below 0.3Tc are shown in Fig. 3,
normalized atTc5Tc

2 . The striking finding is thatthe ratio
does not go to zero as T→0. Instead, it extrapolates to a
large finite value~between 0.4 and 0.5!. This definitively
excludes a polar gap, which giveskc /kb→0 asT→0, as a
result of the clear difference between excitation of quasipar-
ticles with vic ~across a finite gap! and with vib ~in the

vicinity of a line node!. We conclude that the gap of the
UPt3 phaseB must have nodes along thec axis. With the
possible exception of recent studies of point-contact
spectroscopy,13 no previous experiment could discriminate
between a polar and a hybrid gap.1

A comparison with the calculations of Fledderjohann and
Hirschfeld5 allows us to go further and gain insight into the
specific nodal structure nearkx5ky50. Their results onkc/
kb for the three uniaxial gaps with line nodes are shown in
Fig. 3. In the absence of gapless behavior~e.g., when
G050.01Tc), they find thatkc /kb→0 asT→0 not only for
the polar gap, as expected, but also for the hybrid-I gap. In
essence, a gap vanishing at a point node with lineark depen-
dence does not cause as many quasiparticles to be excited
thermally as a gap vanishing along a line. Remarkably, these
authors found this not to be true for a point node withqua-
dratic k dependence, and the hybrid-II gap yields afinite
value forkc /kb asT→0. Specifically, such a gap on a single
ellipsoidal Fermi surface leads to no change in the anisotropy
below Tc .

5 Although this perfect isotropy will not hold for
the real Fermi surface,5 the finite limit is certainly expected
to.

We conclude that the gap structure of phaseB is unlikely
to be of the hybrid-I type, as has been widely believed over
the past few years.2 Instead, our low-temperature results fa-
vor a gap of the hybrid-II type, being the only uniaxial gap
with the correct limiting behavior ofkc/kb ~see Table I!. Of
course, states with nonuniaxial symmetry should also be con-
sidered in future calculations. In the context of the 2D theory
for the multicomponent phase diagram of UPt3 ~see Refs. 2

FIG. 3. Low-temperature behavior of the anisotropy ratiokc/
kb vs reduced temperature and normalized to 1 atTc . The data
~points! are compared with calculations for gap structures with a
line node in the basal plane, withG050.01Tc ~after Ref. 5!. The
dashed line is a linear fit to the data below 0.3Tc . Inset: unnormal-
ized data up to 0.8 K.
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and 14, and references therein!, this appears to disqualify the
~1,i ! state of theE1g , E2g , andE1u representations as pos-
sible candidates for phaseB, and leave only the (1,i ) state of
the E2u representation.14 Note, however, that the real gap
structure associated with the above states is expected to be
more complicated than the simple gaps considered so far.
Calculations with the real Fermi surface are needed to deter-
mine the effect of additional structure in the gap for the
various representations.

In summary, measurements of the thermal conductivity of
UPt3 down to Tc/10 have shed light on two important as-
pects of unconventional superconductivity: the possibility of
a gapless behavior and the nodal structure of the gap func-
tion. In the absence of any detectable linear term ink asT
→0, we find no clear evidence for an intrinsic gapless re-
gime. A comparison with calculations based on resonant im-
purity scattering indicate that the elastic scattering rate in our
crystal is small~less thanTc/10!. The unusual observation of
a finite value for the anisotropy ratiokc/kb asT→0 leads to

new information about the gap structure of UPt3 in phaseB:
the gap vanishes along thec axis, and it does so with a
special k dependence, not compatible with a linear point
node but probably so with a quadratic point node.

Note added.After this paper was written, extensive calcu-
lations including the real Fermi surface of UPt3 were re-
ported by Norman and Hirschfeld.15 Their results show that
bothE1g ~hybrid-I! andE2u ~hybrid-II! gaps can account for
k(T) if G0 is chosen to be less than 0.1Tc . However, a large
value of the anisotropy ratio~around half of the normal state
value! asT→0 is seen to favor theE2u gap, at least in the
limit of low scattering rates~lower than 0.1Tc).
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