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The temperature, purity, and frequency dependence of the real and imaginary components of the complex
surface impedance of three single crystals of the proposed p-wave superconductor Sr2RuO4, with Tc values of
1.40, 1.24, and 0.74 K, have been measured over a range of microwave frequencies from 4–16 GHz down to
100 mK. The unusual superconducting microwave properties can be described by a multiband, two-fluid model
consistent with electron relaxation times remaining largely unchanged on entering the superconducting state
and energy gaps on all bands having the same temperature dependence. In addition, the model is consistent
with nonmagnetic impurity scattering strongly suppressing the superconducting fractions leading to large
residual losses at low temperatures and an increase in penetration depth. Model independent derivations of the
complex microwave conductivity are shown to be largely consistent with such a scenario.
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I. INTRODUCTION

The superconductor Sr2RuO4 has attracted a considerable
amount of interest1 since its discovery in 1994.2 As well as
being the only known layered-perovskite superconductor
without copper, there is substantial evidence that Sr2RuO4 is
a triplet p-wave superconductor.3 However, the symmetry
of the superconducting gap on the three contributing
conduction bands remains a topic of considerable current
interest.4,5 Arguments have been made for a gapless chiral
dependence with a nodeless chiral state of the type
d�k�=�0ẑ�sin kx+ i sin ky� on the � band, assumed to be
largely responsible for superconductivity, with line nodes
along the z direction on the � and � bands. Support for such
a model is provided by the heat-capacity measurements of
Deguchi et al.,6 consistent with microscopic calculations
with contributions from all three bands by Nomura and
Yamada.7

Early signs for unconventional superconductivity in
Sr2RuO4 came from data showing an extreme sensitivity of
Tc on nonmagnetic impurities and defects.8,9 Tc is dramati-
cally reduced by increases in the residual dc resistivity �0 of
only tenths of �� cm. The depression of Tc can be described
by Abrikosov-Gorkov theory for nonmagnetic pair breaking
impurities in an anisotropic superconductor.10 Specific-heat
measurements on samples of various purity11 indicate the
presence of a residual density of states �RDOS� in the super-
conducting state at 0 K. RDOS tends to zero in the ultraclean
limit suggesting that it is a defect and/or impurity induced
effect. A similar behavior has been observed in NMR
measurements.12,13

Here we present microwave surface impedance measure-
ments on three samples of Sr2RuO4 of varying purity, with
Tcs�1.40, 1.24, and 0.74 K, from which we are able to
extract the frequency and purity dependence of the real and
imaginary parts of the microwave conductivity. Previous mi-
crowave measurements on very pure samples of Sr2RuO4
�Tc�1.47 K� by Ormeno et al.14 were interpreted in terms
of a residual fraction of charge carriers remaining unpaired.

Such charge carriers at low temperature could account for
losses at low temperature that were a significant faction of
those in the normal state—defined here as the residual mi-
crowave normal fraction �RMNF�. This will not in general be
the same as the RDOS derived from heat-capacity measure-
ments as microwave measurements also involve quasiparti-
cle life times.

In the first part of the paper, we show that the unusual
temperature, frequency, and purity dependence of the com-
plex microwave surface impedance can be described by a
multiband, two-fluid model based on the following assump-
tions: �a� a common quasiparticle mean–free-path � on all
bands, �b� a common temperature dependent superconduct-
ing fraction f�T� on each band, consistent with superconduc-
tivity in the � and � bands being driven by superconductivity
on the � band and �c� impurity scattering causing a fraction
of charge carriers in each band to remain normal. In the
second part, the complex microwave conductivity is derived
directly from the real and imaginary components of the com-
plex microwave surface impedance. The temperature, fre-
quency, and purity dependence of the derived microwave
conductivity is shown to be consistent with the above as-
sumptions. In particular, the imaginary part of the derived
conductivity gives a penetration depth that increasing mark-
edly with impurity scattering, consistent with the depairing
of electrons by nonmagnetic impurities. There is no marked
change in the real part of the microwave conductivity on
entering the superconducting state, implying a quasiparticle
relaxation rate that is little changed from its normal state
value on entering the superconducting state, in marked con-
trast to conventional s and d wave superconductors.15

Although microwave measurements cannot provide any
direct evidence on the symmetry of the gap parameters on
the three contributing bands, any successful microscopic
theory for the electrodynamic response must ultimately de-
scribe the purity, temperature, and frequency dependence ob-
served in these measurements.
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II. MICROWAVE MEASUREMENTS

The samples used in these experiments were grown by the
floating zone method in Y. Maeno’s group in Kyoto. Electron
probe microanalysis �EMPA� scans by Mackenzie et al.8 on
very similar crystals to those used here showed that the im-
purities present were nonmagnetic elements Al, Si, Ba, and
Ca. The platelike crystals had typical dimensions of
�1�1�0.03 mm3, with the c axis perpendicular to the ma-
jor faces.

Because microwave measurements are sensitive to surface
defects, all samples were etched in an ethanol-bromine solu-
tion prior to making measurements.

A cavity perturbation technique16 was used to measure the
complex surface impedance Zs=Rs+ iXs, where Rs and Xs are
the surface resistance and reactance, respectively. Measure-
ments on each sample were taken at 4.5 GHz in an 3He
system down to �300 mK and at 10.7 and 15.2 GHz in an
adiabatic demagnetization refrigeration �ADR� system down
�100 mK. Individual samples were glued to the end of a
sapphire rod and positioned at the center of a high
Q ��105� dielectric resonator using TE01n modes. For all
modes, the quasihomogenous microwave magnetic field was
perpendicular to the major faces of the sample, confining the
currents to the ab plane. A hot-finger technique17 was used to
raise and control the temperature of the sapphire rod support-
ing the sample to temperatures up to �30 K.

Small changes in the resonant frequency f0�T� and
bandwidth fb�T� were measured, from which Rs�T� and
�Xs�T� were derived using the perturbation formulas
Rs�T�+ i�Xs�T�=	�fb�T�−2i�f0�T��, where 	 is the geo-
metrical factor determined by the microwave field at the
sample location. Accurate measurements of �Xs�T� were
achieved by making all measurements relative to a specific
fixed temperature, thus overcoming the unavoidable problem
of long term drifts in such measurements. The temperature
dependence of the empty cavity bandwidth and frequency
shifts were measured separately and subtracted from the
sample measurements. The 	 factor was determined indi-
rectly by fitting the normal state fb data to the Rs values
predicted from dc measurements, see Sec. II A.

At low temperature and high input powers sample heating
can be important. Measurements were therefore made using
input powers well below the input power where sample heat-
ing was first observed. At higher temperatures, the measure-
ments were reproducible up to the highest input powers
available �1 mW�.

The measurement technique was tested on a Nb sample of
similar dimension. The results were consistent with BCS
theory, giving an exponential temperature dependence of
both Rs and Xs at low temperature, with fb�T→0� falling to
the measured cavity background value. This gave us confi-
dence in interpreting the resistive and reactive components
of the surface impedance as sample induced rather than
background artifacts.

A. Surface Impedance

The surface impedance in the local limit is given by

Zs�T� =� i
�0

�
, �1�

where the angular frequency 
=2�f0 and � is the conduc-
tivity.

In the normal state, we assume a Drude model,
�= ���1+ i
��−1, where � is the dc conductivity and  is the
mean scattering time of the charge carriers. In SrRuO4 the
purity is such that the normal state 
 term is significant at
microwave frequencies, so that changes in conductivity on
entering the superconducting state are sensitive to the life-
time of thermally excited quasiparticles.

In the ab plane, dc measurements18 give the Fermi-liquid
dependence ��T�=�0+AT2 below T�25 K, with
A=4.5–7.3 n� cm. For a two-dimensional Fermi metal, the
dependence of � on the mean-free-path � is given by

� =
2��d

e2��ikFi
, �2�

where d is the interplane separation and kFi is the wavevector
for each of the three bands.1 In the following analysis, esti-
mates for �0 were made from the observed Tc using previous
dc measurements8 of �0 vs Tc. Assuming � is the same for all
charge carriers, the relaxation time i can be calculated for
each band using i=� /vFi, where vF is the Fermi velocity.
The band parameters for kF and vF were those measured in
quantum oscillation experiments.19

In the absence of a microscopic model for the electromag-
netic properties of a multiband p-wave superconductor, we
adopt a two-fluid model approach, used previously to de-
scribe the microwave properties of both conventional and
cuprate superconductors.20–22 For a simple two-fluid model,
the complex conductivity is given by

�1 − i�2 =
1

�0
	1 − f�T�

1 + i

+

f�T�
i



 , �3�

where f�T� is the temperature dependence of the superfluid
fraction. For a multiband superconductor such as Sr2RuO4,
with a depairing parameter �i depairing a fraction of super-
conducting charge carriers in each band, the above result can
be generalized and combined with the above equations to
give a microwave surface impedance

Zs =�i
�0
�2�d

e2� ��
i

kFi��1 − �i�	 1 − f�T�
1 + i
�/vFi

+
f�T�

i
�/vFi



+ �i
1

1 + i
�/vFi
�−1/2

, �4�

where the summation is made over each carrier band �i.e., �,
�, and � for Sr2RuO4�. Electron depairing by impurity or
lattice defect scattering leads to significant microwave losses
down to the lowest temperatures. The temperature depen-
dence of the complex microwave conductivity is then de-
scribed by the superconducting fraction f�T� of the remain-
ing charge carriers, which is assumed to be the same for each
band, consistent with superconductivity in the �-band driv-
ing superconductivity in the � and � bands.
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At low temperatures, f�T�→1 and the losses will be de-
termined by the real part of the microwave conductivity, giv-
ing a band-averaged �av defined as the residual microwave
normal fraction RMNF

�av = RMNF =
�i�ini/kFi

�ini/kFi
, �5�

where ni represents the number of contributing charge carri-
ers in each band.

As remarked earlier, the weighted average will not in gen-
eral be the same as the residual density of states

RDOS =
�i�ini

�ini
. �6�

In the following analysis of our measurements, we have to
make some simplifications, as there is no way of extracting
meaningful information about all three bands of electrons.
Two possible scenarios were therefore considered when fit-
ting the measurements using Eq. �4�. In the first, we assume
that impurity scattering has the same effect on charge carriers
in all three bands with a common depairing parameter �. In
the second scenario, we assume that impurity scattering
causes preferential depairing on the � and � bands. These
bands are treated together with a common depairing param-
eter ���, which we increase from 0→1 to fit the results to
Eq. �4� and increase the depairing parameter �� in the � band
if required. In this scenario, the RMNF is determined by a
band-averaged �av using Eq. �5�.

In both scenarios the temperature dependence f�T� was
assumed to be the same as that obtained by Bonalde et al.23

using the tunnel-diode technique, see Fig. 4, in close agree-
ment with our earlier microwave measurements on an even
purer sample.14 The scattering time  in each band was also
assumed to be unchanged on entering the superconducting
state, again consistent with our previous measurements.

In the second part of the paper, we derive directly the real
and imaginary parts of the microwave conductivity from the
surface impedance and obtain values for the penetration
depth and resistive losses in close agreement with the as-
sumptions made in our empirical model.

B. Complex conductivity and penetration depth

The measurements of Rs and Xs can be converted to �1
and �2 using

�1�T� = 
�0
2Rs�T�Xs�T�

�Rs�T�2 + Xs�T�2�2 �7�

and

�2�T� = 
�0
Xs�T�2 − Rs�T�2

�Rs�T�2 + Xs�T�2�2 . �8�

Note that the above derivations are very sensitive to the ab-
solute values of Xs�T�. This is always a potential problem in
microwave measurements, in which only changes in Xs�T�
are usually measured, with the absolute values fixed by com-
parison with predicted normal state values. This can present

somewhat uncertain correction factors from finite 
 values
and potential nonlocal corrections in pure metals such as
SrRuO4. This is why we chose first to describe and analyze
our raw data in terms of the surface impedance before ex-
tracting the microwave conductivity.

Equation �8� can be used to obtain f�T�= ���0� /��T��2

from

��T� = �
�0�2�T��−1/2. �9�
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FIG. 1. �Color online� Rsn and Xsn verses temperature for each
sample, normalized at 2.0 K �for clarity the 10.7 and 15.2 GHz plots
have been shifted up by +1 and +2, respectively�. Normal and su-
perconducting state fits are made using a local Fermi-liquid and
two-fluid model, respectively, �see text� with parameters given in
Table I.
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III. RESULTS AND DISCUSSION

A. Surface Impedance

The measured values for Rsn and Xsn for each sample are
shown in Fig. 1 as a function of temperature. These were
normalized to the average of Rs and Xs in the normal state at
2.0 K. The splitting of Rs and Xs in the normal state is a
consequence of finite-relaxation times, which for small val-
ues of 
 lead to a splitting that increases with both fre-
quency and purity, as illustrated. For clarity, the 10.7 and
15.2 GHz data have been shifted by +1 and +2, respectively.

The solid lines drawn through the experimental data were
calculated from Eq. �4� using the first scenario assuming a
common depairing factor � on all three bands. In the second
scenario, an almost identical fit could be obtained by assum-
ing that impurity scattering completely suppressed supercon-
ductivity in the � and � bands for the less pure samples, with
a significant depairing of electrons in the � band. The fitting
parameters for these two scenarios are listed in Table I.

The excellent agreement between the measurements and
the prediction of our empirical model �Eq. �4��, particularly
at the higher frequencies, supports the assumptions that f�T�
and � are the same for all bands. However, there are signifi-
cant deviations in the measurements of Xs at the lowest fre-
quency for the less pure samples, which may be experimen-
tal or arise from some as yet unidentified physical process.
Requiring fits to both Rs and Xs at three widely different
microwave frequencies using the same set of fitting param-
eters for a given sample provides a much more demanding
test of the proposed model than had Rs alone been measured.

Because the quality of the fits for the two scenarios con-
sidered were almost identical, microwave measurements
alone cannot be used to distinguish between them. The two
scenarios give slightly different values for the total residual
microwave normal fractions RMNF=� and �av listed in
Table I. The RMNFs obtained are also plotted in Fig. 2 for
comparison with the residual densities of states derived from
heat-capacity measurements.11

Referring again to Fig. 1, up to 5 K in the normal state, Rs
and Xs both follow the A+BT2 Fermi-liquid temperature de-
pendence observed in dc measurements.18 The critical tem-
perature marking the transition to the superconducting state
is decreased and broadened with increasing impurity, in
agreement with dc measurements.8

On entering the superconducting state, Rs falls monotoni-
cally to nonzero values at low temperatures, reflecting the
finite RMNF. In contrast, for all samples, Xs initially in-
creases on entering the superconducting state, with a tem-
perature and frequency dependent peak, which moves to

lower temperatures with increasing frequency. As described
in our earlier paper14 on an even purer sample with a slightly
higher Tc=1.47 K, the rise and peak in Xs can be described
by a conventional two-fluid model with a finite value of 
.
As shown in Fig. 1, the data for all three samples, at all
frequencies, can be described rather well by Eq. �4�, using
the values of  of 6.4, 3.3, and 1.8 ps for samples 1, 2, and 3
deduced from normal-state-resistivity measurements.8 The
fits assume that the quasiparticle lifetimes  remain un-
changed on entering the superconducting state. The near con-
stancy of the qp scattering rate in the superconducting state
is very different from both s- and d-wave superconductors16

and may well be a characteristic signature of p-wave super-
conductivity.

The fits of our measurements to the proposed empirical
model are remarkably good, especially to Rs, which is largely
responsible for determining the values of �av in Table I.
However, at the lowest frequency, both the predicted height
of the peak and low-temperature values for Xs are slightly
above the measured values. Small differences are not unex-
pected in view of the major simplifications presented in our
empirical model.

The derived values of RMNF for both scenarios are
shown as a function of Tc in Fig. 2 for each sample. Also
included are the values obtained by Ormeno et al.14 on a
slightly purer sample with Tc�1.47 K using a similar

TABLE I. Input parameters for Zsn fits.

Sample
Tc

�K�
�0

��� cm�
First scenario fit

�av

Second scenario fit

��,� �� �av

1 1.4 0.21�0.05 0.42�0.11 0.63�0.17 0 0.28�0.08

2 1.2 0.48�0.05 0.86�0.01 1 0.56�0.03 0.77�0.02

3 0.7 0.72�0.05 0.94�0.01 1 0.80�0.01 0.89�0.01
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FIG. 2. �Color online� RDOS �normalized by its normal state
value� and RMNF data obtained from specific heat �Ref. 11� and Rs

measurements respectively, plotted against the Tc of each sample.
The RMNF values obtained from both the first and second scenario
fitting are shown along with previous data obtained by Ormeno et
al. �Ref. 14�. Also shown are the theoretical predictions for RDOS
discussed in the text.
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two-fluid model. Plotted on the same axis are the RDOS
derived from specific heat measurements11 and theoretical
predictions for a single-band anisotropic gap24 with
�min /�max=0.25 �solid line� and a two-fluid model with an
isotropic gap confined to the � band11 �dashed line�.

The RMNF values obtained from both scenarios are in
qualitative agreement with, but are somewhat higher than the
measured specific-heat RDOS values. The observed increase
in RMNF with decreasing purity is confirmed. The micro-
wave estimates for RMNF are in better agreement with
RDOS predictions for an isotropic gap primarily on the �
band than with a single anisotropic gap. However, as empha-
sized earlier, there is no reason to expect RMNF to be the
same as RDOS, as the first relates to a thermodynamic prop-
erty and the second to a transport property involving differ-
ent Fermi-surface averages.

B. Temperature dependence of ��

We assume that in any model the value of ��0� will be
frequency independent. This required small corrections to the
absolute values of Xs deduced from our earlier fits to the
empirical two-fluid model, particularly for the 4.5 GHz mea-
surements, which we have already shown deviate most
strongly from the predictions of our empirical model, Eq.
�4�. Having made the small corrections necessary to ensure
that ��0� is frequency independent, we obtain values of ��0�
of 1600�50 Å, 3 ,000�50 Å, and 4,100�50 Å for
samples 1, 2, and 3, respectively. The increase in penetration
depth with increasing impurity concentration arises from the
reduction in number of superconducting electrons from im-
purity scattering, with an accompanying decrease in Tc from
1.40 to 1.24 K and 0.74 K, respectively.

Figure 3 shows the temperature dependence of
��=��T�−��0� plotted against �T /Tc�2 illustrating a nonex-
ponential quadratic temperature dependence at low tempera-
tures, very different from that expected for a fully gapped
s-wave superconductor.

A quadratic temperature dependence was observed
below a crossover temperature Tcr, which decreased
monotonically with decreasing sample purity. For sample 1,
Tcr�0.65 Tc�0.9 K, in agreement with previous
measurements by Ormeno et al.14 and Bonalde et al.23

For samples 2 and 3, Tcr�0.55 Tc�0.63 K and
0.35 Tc�0.25 K, respectively. The temperature dependence
of �� for sample 3 fits more closely to a T3 dependence up
to �0.74 Tc�0.52 K, which is also in agreement with
Bonalde’s measurements on a sample with Tc=0.8 K.

For a clean superconductor with line nodes, a linear T
dependence of ��T� would be expected. However, Hirschfeld
and Goldenfeld25 showed that scattering would lead to a
transition from a T to a T2 dependence extending to a cross-
over temperature Timp�Tc0

��Tc0−Tc� /Tc0, where Tc0 is the
critical temperature in the ultrapure limit �Tc0=1.5 K�. But
Timp is predicted to increase with increased scattering, con-
trary to the observed dependence.

An alternative model by Koszin and Leggett26 suggested
that nonlocality could also give rise to a T2 dependence of
�� in the presence of line nodes, which could be important if

SrRuO4 had a nonchiral gap parameter with line nodes. This
arises because, for currents flowing in the ab plane,
�c��ab /�ab�1–2 so that Sr2RuO4 is only just within the
local London limit. The presence of nodes or strong aniso-
tropy could therefore lead to an increase in the coherence
length along certain directions, so that nonlocal effects be-
come important. Kosztin and Leggett showed that this can
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FIG. 3. �Color online� The temperature dependence of �� plot-
ted against �T /Tc�2 for each sample.
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lead to a T2 dependence of ��T� up to a cross-over tempera-
ture TNL���0 /�0��0. We would anticipate similar behavior
for any superconductor with nodes in the energy gap.

Using the above expression and an estimate of �0 from
measurements of the upper critical field Bc2, we obtained
values for the predicted cross-over temperature of �1.2, 0.7
and 0.4 K for samples 1, 2, and 3, respectively. Although
these temperatures are slightly above those observed, they
are in qualitative agreement with the predicted values sug-
gesting that nonlocal effects may well be important. No lin-
ear temperature dependence is observed at higher tempera-
tures, but this may be masked by thermal excitations across
the gap, particularly if the energy gap on the � and � bands
is rather small.

C. Microwave conductivity

We now consider the frequency and purity dependence of
the normalized real and imaginary components of the micro-
wave conductivity as a function of reduced temperature de-
rived from the surface impedance measurements. We first
consider the imaginary component of the microwave conduc-
tivity, which is directly related to the penetration depth and
superconducting fraction f�T�= ���0� /��T��2=�2�T� /�2�T�
plotted in Fig. 4, for measurements at 10.7 GHz. Measure-
ments at other frequencies showed an almost indistinguish-
able temperature dependence. These measurements were
relatively insensitive to the small corrections made to the
measured values of Xs�T� to ensure that ��0� was indepen-
dent of frequency. Also plotted are the lower frequency mea-
surements of Bonalde et al.23 for a pure sample
�Tc=1.39 K� and theoretical predictions for s, d wave, and
an anisotropic gap model with �min /�max=0.25, correspond-
ing to the maximum anisotropy inferred from in-plane field-
orientated specific-heat measurements.27

The microwave measurements for the pure sample are in
close agreement with Bonalde’s tunnel-diode measurements

at 28 MHz and exhibit a strong temperature dependence at
low temperatures not dissimilar to that of a d-wave super-
conductor, which, in this case, could be attributed to a small
gap on the � and � bands. In contrast to Bonalde, we observe
slight deviations from a monotonic slope, consistent with
multi or anisotropic gap behavior.

For the less pure samples, we observe a much flatter
variation at low temperatures, consistent with the suppres-
sion by impurity scattering of the effects of superconductiv-
ity with nodes or high anisotropy. The suppression of nodal
or high anisotropic behavior for the less pure samples may
be due to the suppression of superconductivity on the � and
� bands, as predicted in the second scenario fitting of Zs.
However, the temperature dependence is still considerably
larger than would be expected for an isotropic supercon-
ductor. The low-temperature slope is also larger than ex-
pected for a superconductor with the largest anisotropy in-
ferred from field-orientated specific heat measurements. This
suggests that impurity scattering does not completely sup-
press the effects of nodes or high anisotropy.

The corresponding plots for �1 /�n, normalized at Tc, are
shown in Figs. 5�a�–5�c�. It should be noted that the shape of
the derived �1 /�n curves are very sensitive to the values of
�0 and ��0� used to calculate them. Therefore the data is not

0.0

0.2

0.4

0.6

0.8

1.0

0 0.2 0.4 0.6 0.8 1

10.7 GHz

Sample 1
Sample 2
Sample 3
Bonalde data
d-wave
s-wave
Anisotropic gap

[�(0) / �(T)]
2

T / T
c

FIG. 4. �Color online� ���0� /��T��2 �=f�T�� vs T /Tc for each
sample at 10.7 GHz.
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as reliable as the ���0� /��T��2 curves, which are very robust
with respect to these parameters.

There is no evidence for coherence peaks for any of the
samples, consistent with NMR results.28 In the case of
sample 1, the �1 /�n curves are frequency independent and
extrapolate at low temperature to �0.4, consistent with the
RMNF value obtained from Zsn fits. However, for samples 2
and 3 we observe frequency and temperature deviations, par-
ticularly at the lowest frequency measured. Such variations
may be related to the slight deviations of the experimental
results for Xs from those predicted from our empirical two-
fluid model, illustrated in Fig. 1. The experimental or theo-
retical origin of these differences is yet to be explained

IV. SUMMARY

Measurements of the real and imaginary components of
the microwave surface impedance at 4.5, 10.7, and 15.2 GHz
of the proposed p-wave superconductor Sr2RuO4 have been
made, as a function of temperature and purity.

At low temperatures, all samples exhibited significant mi-
crowave losses attributed to a residual fraction of unpaired
charge carriers, which increases with increasing amounts of
impurity scattering. The measurements can be described by
an empirical two-fluid model allowing for different charge
carrier properties on the �, �, and � bands.

For the purest crystal with Tc�1.40 K, the measurements
could be equally well described in a first case scenario with
42% of the charge carriers remaining unpaired or in a second
case scenario with a fully gapped � band with 63�17% of
the � and � charge carriers remaining unpaired. For the two
less pure samples with Tcs of 1.24 and 0.74 K, the measure-
ments could be equally well described with 86% and 96% of
the charge carriers remaining unpaired or with superconduc-
tivity fully depressed on the � and � bands and partially
suppressed on the � band with residual microwave normal
fractions of 56 and 80%, respectively. The measurements

could not be described in a scenario in which superconduc-
tivity was only suppressed on the � and � bands for the two
less pure sample. This is consistent with the continuing de-
pression of the bulk Tc with increased impurity scattering.

Values of ��0� increasing with decreasing purity of
1600�50 Å, 3 ,000�50 Å, and 4,100�50 Å for
three samples with Tcs of 1.40, 1.24, and 0.74 K were
derived from measurements extrapolated to zero tempera-
ture.

At low temperatures, ��T� initially increases as T2 up to a
cross-over temperatures that decreased with decreasing pu-
rity, as predicted by Koszin and Leggett26 for superconduct-
ors with nodes in the gap parameter, when nonlocal super-
conducting properties become important. This might then
signify nonchiral p-wave pairing, though no microscopic
theory for such an effect has, to the best of our knowledge,
addressed this problem for a p-wave superconductor.

The derived temperature dependence of the superfluid
fraction ���0� /��T��2 at low temperatures is markedly de-
pendent on purity, consistent with a small superconducting
gap on the � and � bands, which is rapidly suppressed by
impurity scattering.

For all samples, the superconducting properties described
by the generalized two-fluid model were consistent with the
quasiparticle lifetimes remaining largely unchanged on enter-
ing the superconducting state. This leads to values of the real
part of the microwave conductivity decreasing monotoni-
cally to the RMNF value at low temperatures. However, at
the lowest frequency, the less pure samples exhibit an unex-
pected frequency and temperature dependence, which re-
flects deviations of measured Xs from the predictions of the
empirical model.
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