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Determination of the gap structure in UPt5 by thermal conductivity
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The thermal conductivityk of the heavy-fermion superconductor URtas measured down f6./10, along
theb andc axis of a single crystal. The anisotropy rakg/x, 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 thB phase: the presence of nodes alongdfais. Furthermore, recent calculations by
Fledderjohann and Hirschfeld strongly suggest these cannot be point nodes with & ldesendence.

One of the central endeavors in the field of unconven- In order to use heat conduction as a measure of electronic
tional superconductivity is the precise determination of thetransport one must ensure that phonons do not contribute
gap structure. Numerous efforts are currently being made tgignificantly. The safest estimate of the maximum possible
establish whether or not@wave gap is realized in the cu- phonon contribution is obtained by using the formula=
prate superconductors. In the heavy-fermion superconduct(@phvph/\pklg, WhereCph=,8T3 is the low-temperature pho-
UPt;, a number of candidate states are still possible after 1@on specific heaty,, is the average sound velocity, and
years of investigation. Any state with a line node in the basal/\ph is the phonon mean free path. One then assumes that
plane of the hexagonal crystal structure is compatible Wiﬂ]/\ph takes on its maximum value, namely the size of the
most of the existing dath? In particular, any such state is crystal, equal to 0.7 mrh.From published datag=20
thought to be compatible with the compelling anisotropy ofj K =4 m~3 (Ref. 6 andoy, (Ref. 7) is 1880(1440 m s !
transverse sound attenuatid@ related issue of interest is for the b (c) axis® Therefore, the maximun ;=85 (67)
the impact of impurity scattering on the low-temperature3 mw K ~* cm~? for the b (c) axis. ForT<150 mK, this
properties of such superconducting states. The appearance @presents at most 15% of the measukgoand 6% ofx..
gapless behavior, i.e., a residual density of quasiparticle exof course, scattering by quasiparticles will strongly decrease
citations at T=0, is under active investigation in the A » from this maximum possible value. Henoey, is cer-
high-T; cuprates. In heavy fermions, no detailed study hagainly less than the upper bounds of 15% and 6%, and can
been made of this issue, even though the specific heat @hys be neglected. We point out that while in our crystal the
UPt, for example, has often been held as indicative of &lectronic mean free path is long enough to ensure that

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- 25
tures, typically in the region of./10. In a previous papér,
we showed how the thermal conductivity is a privileged N ] .
probe of quasiparticles in URt In particular, it is sensitive '§20 | 60 - o | c-axis o
to the anisotropy of the gap structure. Motivated by the re- © 0 : o,
cent calculations of Fledderjohann and Hirschfelde have
now measured the thermal conductivity of YRlown to
T./10 and report two new factg1) there is no trace of a
residual normal fluid aT=0 (at the 1% level and (2) the
gap must go to zero along the 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 conductivitfT) of
UPt; was measured for a heat current along haxis and _ 32
the ¢ axis, down toT =T./10=50 mK. The low-temperature 0 |
results are shown in Fig. 1, plotted asT vs T, while the 0 0.05 0.1 0.15
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% T (K)
at 150 mK, the main source of uncertainty being the calibra-
tion of the _tWO therm?rmeters on the sample. The _normal FIG. 1. Low-temperature thermal conductivity of YRtdivided
state behaviour below; =0.5 K, calledxy, was obtained py temperature, for a heat current along thexis (open circles
by applying a magnetic field of 3>H,(0) (dashed lines  and theb axis (solid circles. Inset: x/T up to 0.8 K. The normal
In this paper, we are only concerned with ph@&dbelow  state behavior#y), obtained by applying a field abov,,, is also
T, =0.44 K).2 shown(dashed lines
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measurements on polycrystalline UPtwhere k., was 4—6 TABLE I. The gap structure of uniaxial states allowed by hex-
times smaller, not to mention measurements on other heavygonal symmetry(for strong spin-orbit coupling and ellipsoidal
fermion compound$ As a result, we believe this is the first Fermi surfacg and the limiting value of the anisotropy ratiq/
time heat transport by heavy-fermion quasiparticles is reli-<» expected ad —0, in the absence of gapless behavize Ref.
ably measured down t6./10. This allows us to examine the 5). The r)oda_l structgres |r_10|ude a gap going to zero at a point along
possibility of a residual normal fluid &t=0 and it provides e ¢ axis, either with a linea(LP) or a quadratidQP) k depen-
us with a new and powerful probe of the gap structure. dence, qnd along a line in the basal plane. Only those odd-parity
Ideally, the question of a residual normal fluid should peStates withd|c are listed(see Ref. 1%
answered by low-temperature measurements of the specif&:alo

heat. Unfortunately, this has proven difficult both in WPt Nodes States ol
and in the highf. cuprates, for two reasons. First, sizable S wave None A (Ap<A)) 0
nonlinear contributions t&€(T) exist at low temperature. In  Axial | LP Eqy (1) ©
UPt;, the quasiparticle contribution, although large, is over-axial Ii QP Eog(Li) o
whelmed below 100 mK by a huge upturn @/'T of ill- Polar Line A, 0
understood origiff.Second, even if a residual linear term is Hybrid | Line + LP Eag(1i) 0
extracted reliably, it cannot automatically be attributed enyprig | Line + QP Eoy(1i) 1

tirely to fermion excitations. For URt the standard ap-
proach has been to extrapolate down from the roughly linear
behavior ofC/T observed above about 100 mK2 assum-
ing it to persist down toT=0. This procedure yields an
intercept aflf =0, calledy,, which typically ranges from 10
to 40% of the normal state valugy.™® In our crystal,

the usual Dingle plot analysis yields fairly uniform scattering
rates, withr = 1/T 4,,a=2-4X10 11 s, in crystals of a
quality comparable to our$. In temperature, this corre-
sponds td" 4,a=0.2-0.4T.. The scattering rat€, appro-

_ 9
Yo=16% yy. . L ) priate for transport will be smaller thahy,, by a factor
The observation of a finite/T at T—0 would be a direct \\hich depends on the type of scattering. A value of

indication of zero-energy quasiparticle excitations. From FigT(,:O.ch seems  reasonable corresponding  to
1, it is clear that a smooth extension of th€l data toT=0 lo=v /T o= 400 nm!2 A separate estimate, obtained from

leads to a negligible intercept. More quantitatively, atyhe shear viscosity af,, gives ['(To) =T p(To)/po] =
T=0.1T; , «/kn=2 (4% for Jjc(b), or 3% on average, (27T, so that agaif, =0.1T,. Of course, these estimates
whereas an extrapolateﬁ/_T for the same _crystal 9IVeS of T, could be off by a factor 2 or so, but hopefully not by
Y(T=0.1T;)/yy=30%. This order-of-magnitude discrep- mych more. As ford,, Fledderjohann and Hirschfeld as-
ancy, combined with the strong sample dependence.of  symed the unitary limit ofr/2; theoretical arguments for
certainly suggests that suchyg is of extrinsic origin. To  gch a limit can be found in Refs. 10 and 11, and in refer-
settle this point, however, a detailed comparison with theorygnces therein.

is needed. _ _ _ _ The calculatedk,,®> for two values ofI'y (0.1 and
The impact of impurity scattering on unconventional gapg o1r) is reproduced in Fig. 2, along with our data. The

structures was treated by several authors in the mid 198Qg,i5 gre plotted as/iy vs T/T., where ky=T/(a+bT?)
(see Refs. 1, 10 and 11 and references thgerdhithin a (Ref. 4 and T.=T. =0.44 K E;,iven thath/a=4.0 K24
: c=T¢ =0. : : :

weak-coupling BCS theory, Hirschfekt all° 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 fini@T and x/T at T=0. Recent
calculations of this kind were performed by Fledderjohann
and Hirschfeld for three uniaxial gap structures, each with a
line node in the basal plan€l) a polar gap(with no other
node$ and(2) two hybrid gapgwith in addition a point node

at each pole, i.e., along theaxis). One of the hybrid gaps,
which we call hybrid-I, vanishes linearly ik at the point
nodes, while the other, called hybrid-Il, vanishes quadrati-
cally. Some of the states allowed by hexagonal symmetry to
which these gaps correspond are listed in Table I. The calcu- — _ Hybrid 1l
lations so far assume a single ellipsoidal Fermi surface and z
s-wave scattering, and they require two input parameters: the
impurity scattering ratd’y and the scattering phase shift
8,.° The assumption of isotropic scattering is supported by T/ TC
the fact that both elastic and inelastic processes give the

same anisotropy in normal state transport, is./x,=2.8 FIG. 2. Thermal conductivity along thie axis, normalized by
ando¢/o,=2.7 fromT=0.1 K to 0.8 K, which can there- the normal state conductivityy(T), for temperatures below
fore be attributed to an anisotropy in the Fermi velo€lty. 0.37., where T,=T, =0.44 K. The datalpoints are compared
From de Haas—van AlphefdHvA) measurement€, the  with calculations for two uniaxial gaps with line nodégmlar and
Fermi surface is known to be made of several sheets, andtbrid 1l) and for two values of the impurity scattering rafg,
single ellipsoid is certainly an oversimplification. However, 0.1T, (solid lineg and 0.0T. (dashed lines(after Ref. 5.

xy deviates from linear behavidelastic scatteringby only

k/x

0 0.1 0.2 0.3
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7% at T=0.3T,. 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)=T[k(T.)/T;]. Only the curves for a polar and a ~ 2r
hybrid-1l gap structures are shown; the corresponding curves “ 150 _/
for the hybrid-I gap lie in betweeh.nspection of Fig. 2 1 ]
reveals that the rapid increase dthxy with temperature, an 1_4T 05| ' | —

0

3
a25¢

order of magnitude faster than in a conventional
superconductdt,is well reproduced by the calculations; this

is a convincing confirmation of a line node in the basal plane
of the gap structure of URt(phase B. However, the data
show less curvature than either of the curves with
I'y/T.=0.1 and, indeed, will not smoothly extrapolate to any
significant intercept afT=0, such as expected from the
theory. In this sense, the observed behavior is more compat-
ible with calculations based on a smallé, such as
0.01T.. Until the real Fermi surface is used both in the
calculations and in the estimates of a transftyt related
directly to the measureg,, it is difficult to make firm con- Polar
clusions from this comparison. Nevertheless, it does seem as 0 ' :
though a very low scattering rate is needed to keep the num- 0
ber of zero-energy quasiparticle excitations obtained in the

current self-consistent calculations at the low level observed T/T
in the experiment. Finally, we stress that although the calcu-

lation for a hybrid-Il gap withl’o=0.01T; can account rea- FIG. 3. Low-temperature behavior of the anisotropy ratid

sonably well for the observed,(T) at low temperatures, it .
also dges for the hybrid-I gap?(S()) that one cgnnot discrimis® ¥° reduced temperature and normalized to Tat The data

b h f his basis al (points are compared with calculations for gap structures with a
hate between the two types of gap on this basis alone. line node in the basal plane, wilhy,=0.01T, (after Ref. 5. The

The anisotropy of electronic heat Condl_JCtion has Ior‘gdashed line is a linear fit to the data belowT.3 Inset: unnormal-
been known to be a useful probe of gap anisotropy, even ifyoq data up to 0.8 K.

s-wave superconductors. In Ref. 4 we showed how the ratio
kky is a direct probe of the anisotropy of the gap invicinity of a line nod¢. We conclude that the gap of the
UPt, insofar as it is constant abovi, and starts falling UPt; phaseB must have nodes along tleeaxis. With the
immediately belowT, (see inset of Fig. B The fact that it possible exception of recent studies of point-contact
decreases rather than increases suggests there are more tlgectroscopy® no previous experiment could discriminate
mally excited quasiparticles with velocities along thexxis  between a polar and a hybrid gap.
than along thec axis. This could either result from a finite A comparison with the calculations of Fledderjohann and
gap being larger along than alongb (anisotropics-wave  Hirschfeld allows us to go further and gain insight into the
gap, from the presence of nodes in the gap alonghtfexis  specific nodal structure nelag=k,=0. Their results on¢./
in the absence of any along tleeaxis (polar gap, or from  «, for the three uniaxial gaps with line nodes are shown in
the presence of nodes along both a¢tegbrid gap provided  Fig. 3. In the absence of gapless behavierg., when
the nodal structure is such that more quasiparticles havg,=0.01T,), they find thatk./x,— 0 asT—0 not only for
v||b. Note, however, that the current discussion relies on thenhe polar gap, as expected, but also for the hybrid-I gap. In
assumption that the scattering rate does not change with terassence, a gap vanishing at a point node with likedepen-
perature in some unexpected way beldw To be free from  dence does not cause as many quasiparticles to be excited
such ambiguity, the analysis must be done in a regime whergiermally as a gap vanishing along a line. Remarkably, these
the strong electron-electron scattering is not importantauthors found this not to be true for a point node wijtia-
namely below 150 mK or so. Moreover, it is in the limit of dratic k dependence, and the hybrid-1l gap yielddirite
T—0 that a measurement of./«x, becomes particularly value fork./«, asT— 0. Specifically, such a gap on a single
useful. Indeed al <T., the regions of the gap very close to ellipsoidal Fermi surface leads to no change in the anisotropy
the nodes dominate the thermal properties and a measurgelow T . Although this perfect isotropy will not hold for
ment of heat conduction can then shed light on the detaile¢he real Fermi surfacthe finite limit is certainly expected
structure of the gap in the vicinity of both high-symmetry to.
directions. We conclude that the gap structure of ph&sis unlikely

Our results fork./«y, below 0.3 are shown in Fig. 3, to be of the hybrid-I type, as has been widely believed over
normalized aff ;=T . The striking finding is thathe ratio  the past few yearsInstead, our low-temperature results fa-
does not go to zero as-F0. Instead, it extrapolates to a vor a gap of the hybrid-Il type, being the only uniaxial gap
large finite value(between 0.4 and 0)5This definitively  with the correct limiting behavior ok /«, (see Table)l Of
excludes a polar gap, which gives/x,—0 asT—0, as a course, states with nonuniaxial symmetry should also be con-
result of the clear difference between excitation of quasiparsidered in future calculations. In the context of the 2D theory
ticles with v|c (across a finite ggpand with v|b (in the  for the multicomponent phase diagram of YRsee Refs. 2
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and 14, and references thergithis appears to disqualify the new information about the gap structure of Yt phaseB:
(1) state of theE, 4, E5y, andE,, representations as pos- the gap vanishes along the axis, and it does so with a
sible candidates for pha& and leave only the (i, state of  gpecialk dependence, not compatible with a linear point
the E,, representatioh? Note, however, that the real gap node but probably so with a quadratic point node.
structure associated with the above states is expected to be Note addedAfter this paper was written, extensive calcu-
more complicated than the simple gaps considered so fafations including the real Fermi surface of UPwere re-
Calculations with the real Fermi surface are needed to deteborted by Norman and Hirschfeld.Their results show that
mine the effect of _addmonal structure in the gap for thepgip Eyq (hybrid-I) andEy, (hybrid-Il) gaps can account for
various representations. _ k(T)if T'yis chosen to be less than T However, a large
In summary, measurements of the thermal conductivity of 5ye of the anisotropy ratitaround half of the normal state
UPt; down to T./10 have shed light on two important as- value asT—0 is seen to favor th&,, gap, at least in the

pects of unconventional superconductivity: the possibility ofjimit of low scattering rateglower than 0.T).
a gapless behavior and the nodal structure of the gap func- ¢

tion. In the absence of any detectable linear ternx ias T We are grateful to A. Fledderjohann and P. J. Hirschfeld
—0, we find no clear evidence for an intrinsic gapless refor extensive discussions and for allowing us to reproduce
gime. A comparison with calculations based on resonant imtheir calculations here. This work was funded by NSERC of
purity scattering indicate that the elastic scattering rate in ou€anada and FCAR of Qbec. L.T. acknowledges the sup-
crystal is smallless thanl ./10). The unusual observation of port of the Canadian Institute for Advanced Research and the
a finite value for the anisotropy ratie./x, asT—0 leads to  A.P. Sloan Foundation.

IN. Grewe and F. Steglich, iHandbook on the Physics and Chem-  ford, 1976.

istry of Rare Earthsedited by K.A. Gschneidner and L. Eyring
(Elsevier, Amsterdam, 1991Vol. 14, p. 428.

2. Taillefer, Hyperfine Int.85, 379 (1994.

3B.S. Shivaranet al, Phys. Rev. Lett56, 1078(1986.

4B. Lussier, B. Ellman, and L. Taillefer, Phys. Rev. L&t8, 3294
(1999.

SA. Fledderjohann and P.J. Hirschfeld, Solid State Comn@4n.
163(1995; (private communication

6A. de Visser, A. Menovsky, and J.J.M. Franse, PhysickB 81
(1987.

’R. Berman.Thermal Conduction in Solid&larendon Press, Ox-

8J.P. Brisonet al, Physica B199&200, 70 (1994).

9B. Bogenberger and H.v. lhmeysen(private communication

10p 3. Hirschfeld, P. WWle, and D. Einzel, Phys. Rev. B7, 83
(1988.

1B, Arfi, H. Bahlouli, and C.J. Pethick, Phys. Rev. 3, 8959
(1989.

12| Taillefer et al, J. Magn. Magn. Matei63&64, 372 (1987.

13y, De Wilde et al, Phys. Rev. Lett72, 2278 (1994; G. Goll
et al, ibid. 70, 2008(1993.

143, Sauls, Adv. Phys13, 113(1994.

15M.R. Norman and P.J. Hirschfeldinpublishedl



