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%e report the first measurements of the attenuation of ultrasound in the basal plane of superconducting UPt3. Transverse sound propagating along the b axis shows a marked anisotropy in its
temperature dependence when the polarization is rotated in and out of the basal plane. For polarization in the basal plane the attenuation varies linearly with temperature down to 35 mK and the
slope scales as the square of the frequency. Our results appear to indicate the presence of an additional attenuation mechanism when compared with recent theories of anisotropic superconductors
in the dirty limit.
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74.30.6n, 74.70.Rv

Since the discovery of bulk superconductivity'
in
UPt3, there has been wide speculation that the Cooper
pairs in this heavy-fermion compound are in an oddparity, spin-triplet state. Evidence cited for this assignment includes (i) the presence of a T3 lnT term in
the specific heat at low temperatures, ' (ii) the observed anisotropy of the upper critical field, ' and (iii)
the power-law behavior of the attenuation of longitudinal ultrasound. 3 At low temperatures the ultrasonic attenuation is observed to follow a T power law which
has been attributed to an Anderson-Brinkman-Morel
(ABM) type of order parameter, 4 5 where the gap has
zeros at points on the Fermi surface. For a polar state,
where there are zeros at lines on the Fermi surface,
Pethick and Pines have recently shown that the ultrasonic attenuation should scale as T ln2T which is
hard to distinguish from a T' depenexperimentally
dence. Furthermore, it is well known that a T dependence is also expected in gapless superconductors with
singlet pairing. 6 Thus, the results from present ultrasonic experiments do not permit one to assign
a particular structure to the gap in suunambiguously
perconducting UPt3. The situation is further complicated by more recent experiments ~here the attenuation of ultrasound is claimed to be more appropriately
described by a T3 rather than a T2 power law.
All measurements
to date of both longitudinal and
transverse ultrasound in superconducting
UPt3 have
been along the c axis. However, it is useful to carry
out the experiments along various crystal directions in
order to exploit the power of the ultrasonic method in
exploring the anisotropy of the energy gap. In this
way, possible effects due to the topology of the Fermi
surface may be subtracted out. Furthermore, transverse ultrasound is expected to interact more selectiveacoustic waves with the electrons
ly than longitudinal
on the Fermi surface, thereby providing a more sensi-

tive probe of the energy-gap anisotropy.
It is even
predicted that in the case of an ABM type of order
parameter there are special directions where the temperature dependence of the transverse ultrasonic attenuation scales9 as T or possibly as T . No such special directions exist for the longitudinal case.
In this Letter we report the measurements
of
transverse sound propagating along the It axis (in the
basal plane) with the polarization, e, both parallel and
perpendicular to the basal plane. Contrary to previous
observations, we find a linear temperature dependence
of the attenuation when both q and e are in the basal
plane. On the other hand, for e perpendicular to the
basal plane, our results are similar to thc work reported previously.
Single crystals of UPt3 were grown
by the
vertical-float-zone refining method. After spark planing and annealing at 1200'C for forty hours, two opposite faces of the samples were polished to optical
flatness. 20-MHz AC-cut quartz transducers bonded
by Armstrong C-1 epoxy'0 were used to propagate and
detect transverse ulrasound in the frequency range 20
to 172 MHz. A rf heterodyne spectrometer with a
phase-sensitive detector was used to measure both the
attenuation and the velocity at constant temperature.
Pulse voltages were less than 10 V peak-to-peak and,
with a repetition rate of 100 Hz, did not cause any
All measurements
heating at the lowest temperatures.
were repeated at three different power levels separated
by more than an order of magnitude and were found to
yield the same results. The samples had T, = 500 mK
with a 100/o-900k transition width of 50 mK.
%'e show in Fig. 1 the change in attenuation, o. ,
along the b axis for 94-MHz transverse sound with the
polarization e a. Three important features in the figure need to be emphasized. First, and most important,
the attenuation at the lowest temperatures does not
I I
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FIG. 1. Attenuation of transverse sound at 94 MHz with
qlIb and eIIa, as measured from its extrapolated zerovalue. The ac susceptibility
(right scale) is
temperature
simultaneously measured through the superconducting transition. Note the linear dependence of the attenuation down
to the lowest temperatures measured.

flatten off but continues to change even below 50 mK.
This has not been seen previously. Second, there is no
discontinuous change in the attenuation near T, as obThird and
served in type-I singlet superconductors.
last, there appears to be a maximum at a temperature
slightly below T, .
The attenuation in Fig. 1 is well fitted by a linear relation in temperature. In Fig. 2 the slope of this linear
fit is shown as a function of the square of the frequenThe solid line is a linear least-squares fit recy,
quired to go through the origin. It is clear from this
figure that our measurements (even at the lowest tem1.
peratures) are in the hydrodynamic limit,
qI
This result is also consistent with the absence of a
jump in the attenuation at T, . In the presence of impurities the shielding of the currents set up by the
transverse sound due to the Meissner effect is washed
out. Similar effects have been seen in impure type-I
superconductors.
%e note here that the results shown in Fig. 1
represent the absolute value of the electronic contribution to the attenuation, However, the physical quantiinterest is the viscosity, q, of
ty of more fundamental
the electrons and not the attenuation.
These two
quantities are related'3 by the expression
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FIG. 2, The slope of the low-temperature attenuation of
1 plotted against the square of the frequency, indicating

Fig.

that our measurements

are in the hydrodynamic

regime.

(1.4+ 0.03) &10 cm/s (e II c). It is immediately clear
from Fig. 3 that the results for the two polarizations
match in the normal state but are distinct in the superconducting phase. When analyzed in this fashion our
results show that there is an enhancement of the attenuation for ill over the values obtained in the superconducting state for e II c.
A number of recent theories4 ~ ' have been put
forth in order to explain the ultrasonic attenuation in
anisotropic superconductors.
Calculations by Coppersmith and Klemm'4 show that for a polar state the
attenuation indeed does depend linearly on temperature. But these calculations are in the clean limit and
should be inapplicable here in view of the results in
Fig. 2. A theory by Pethick and Piness evaluates the
ultrasonic attenuation and viscosity in anisotropic su-
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where cu = 2m f, p is the density of the solid, and u, the
sound velocity. In our experiments we measure both
the attenuation and the time-of-flight velocity simultaneously. Thus, we can evaluate the quantity o. v,
which is proportional to the viscosity. This is sho~n in
Fig. 3 for the case of the two polarizations at = 132
MHZ. The measured values of the velocities for the
two cases are (2. 1 + 0.06) x 10' cmis (e II
and
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FIG. 3. au,' (proportionat to the viscosity) vs temperature
at 132 MHz. The values for the two polarizations are identical in the normal state, but there is an enhanced viscosity in
the superconductor for e II

i.
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where the dominant relaxation process
is by impurity scattering. Their results indicate that in
the weak-coupling limit, ~here the phase shifts due to
impurity scattering are close to zero, the attenuation
tends to a constant value. On the other hand, phase
shifts in heavy-fermion systems are expected to be
close to 7r/2 in which case the attenuation should no
In this stronglonger be temperature independent.
coupling limit, Pethick and Pines calculate that the attenuation scales like T2 for an ABM type of order
parameter and like T ln T for a polar-type order
parameter. Hence, there is a crossover from a weakto a strong-coupling regime above a certain temperature Tt. For our results with elle shown in Fig. 3 the
attenuation is constant roughly below T~
150 mK.
Above this temperature our measurements
are well
described by either a T of a T2ln T power law. Alternatively, if we consider the entire temperature range
below T, we can fit our results with a T3 power law
better than either a T2 or a T2ln2T. Similar observations have been made by Miiller er al. in the case of
and transverse sound propagating along
longitudinal
the c axis. 7 In this sense our results for the case e ll c
agree with their recent measurements, but are contrary
to the Tz dependence found by Bishop et al. '
We have a completely new result, however, for the
sample with elli which we cannot understand within
the framework of any of the aforementioned theories.
Both our samples were cut from the same single crystal
proand were subjected to the same preparation

perconductors

—

cedures.

That there are no differences between the
except for the plane of polarization is
clear from the identical values of both T, and the
viscosity in the normal state (Fig. 3). Recent experiments by Muller et al. '~ in normal UPt3 also demonstrate the insensitivity of the transverse ultrasonic attenuation to the orientation of the polarization.
It is unlikely that the different temperature dependences can be modeled by the assumption of only an
anisotropic gap in the presence of nonmagnetic impurities. None of the present theories consider the
scattering of sound by magnetic impurities or the spins
which are confmed to the basal plane. We speculate
that the observed anisotropy is due to a coupling of
sound to spin fluctuations in the superconducting
phase. A similar coupling should be expected even in
the normal phase, but in the absence of coherence
between the spins the effect could be small and unobexperiments'
servable.
Recent neutron-scattering
have revealed the importance of spin fluctuations and
the Fermi-liquid nature of the excitations in UPt3. %e
also note that neither the experimentally determined
values for thermal conductivity'7 nor those for specific
heat'8 in the superconducting
state are amenable to
treatment by the theoretical models4 5 '4 which we
have considered
above. It is possible that the
two samples
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anomalous behavior of these thermal properties of
UPt3 belo~ T, may in some way be related to the
anomalous behavior of the ultrasonic attenuation.
In conclusion, we have performed the first measurements of ultrasonic attenuation in the basal plane of
superconducting UPt3. For transverse sound with polarization parallel to the basal plane we find a linear
temperature dependence of the attenuation coefficient
between 35 and 400 mK. On the other hand, for polarization perpendicular to the basal plane our results
are consistent with previous work and can be understood within the framework of available theories.
Furthermore,
the linear temperature
dependence
seems to arise from an additional attenuating mechanism not present for the perpendicular
geometry.
These facts call for additional theoretical efforts in an
of the propagation of sound in anisounderstanding
tropic superconductors in the dirty limit.
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