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The microwave surface impedance of the proposed negative-U induced superconductor Tl�1.4%�PbTe has
been measured for a number of single crystals at several frequencies from 4.5 to 15.2 GHz in both the
zero-field and mixed superconducting states. For crystals with the best-quality surfaces, Rs and Xs at low
temperatures showed no significant power-law T dependence. From the low-temperature values of Xs, we
extracted ��0�=1.9�0.2 �m, in good agreement with rigid-band model predictions. A coherence peak was
observed in �1 below Tc consistent with BCS predictions. However, the observed temperature dependence of
the superfluid fraction ���0� /��T��2 fitted BCS predictions best if a somewhat larger value of ��0�=2.7 �m
was assumed, which may be associated with remanent surface defects in even our best sample. In addition
to investigating the field dependence of the microwave properties in the mixed state, a Bc3 transition region was
observed. The absence of a significant power-law temperature dependence at low temperatures in our
best sample and the observation of a Bc3 transition are strongly suggestive of conventional s-wave
superconductivity.
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I. INTRODUCTION

The Tc �1.4 K� of the superconducting semiconductor Tl-
doped PbTe �TlxPb1−xTe� for x=1.4% is remarkably high for
such a low carrier density1 �1020 cm−3. It has recently been
suggested that electron pairing is induced by quantum fluc-
tuations between degenerate Tl charge states of Tl1+ and
Tl3+, which corresponds to pairs of holes hopping on and off
the Tl sites.2,3 The degenerate states are a product of the large
negative-U associated with the Tl impurity.4 An upturn in the
dc resistivity ��dc� above Tc appears to support such a model,
as the degenerate states are analogous to the degenerate spin
states of a Kondo metal. Calculations by Dzero et al.5 have
shown that BCS-type superconductivity is indeed possible in
this “charge Kondo” regime.

Here we present microwave measurements of the com-
plex surface impedance, Zs=Rs+ iXs, of single-crystal
samples of Tl�1.4%�PbTe at 4.5, 8.5, 10.7, and 15.2 GHz.
Microwave measurements have proved to be a useful probe
of superconducting mechanisms in novel materials. The sur-
face resistance Rs�T� reflects the losses from any unpaired
electrons while the surface reactance Xs�T� is directly pro-
portional to the effective penetration depth ��T� determined
by the number of superconducting electrons. In principle, the
temperature dependence of these parameters can provide evi-
dence for unconventional behavior6 such as nodes,7 strong
anisotropy,8 or multiband-energy gaps.9 Furthermore, by
measuring the absolute values of Rs and Xs, an accurate es-
timate of ��0� can be made. For Tl-doped PbTe, such a mea-
surement allows a direct comparison with the theoretical pre-

dictions of a rigid band model.3 Our measurements provide
strong evidence for conventional s-wave BCS pairing.

II. MEASUREMENTS

Single crystals, up to a few millimeters in size, were
grown using the unseeded vapor transport method.3 Electron
microprobe analysis using PbTe, Te, and Tl2Te standards, on
similar crystals to those used in this investigation, revealed a
homogeneous Tl content of x=1.4�0.1% consistent with the
chemical composition.

A cavity perturbation method10 was used to measure the
temperature dependence of the microwave surface imped-
ance Zs�T�. Small single crystals ��0.5 mm3� were glued to
the end of a sapphire rod and positioned at the center of a
high-Q ��105� dielectric resonator operating in a TE01n
mode with the sample in a uniform microwave field. The
measured microwave properties were reproducible from run
to run on cycling between room and low temperatures, con-
firming the mechanical and thermal stability of the sample
support system.

An adiabatic demagnetization refrigerator or a pumped
3He bath were used to cool the sample to �100 mK and
�300 mK, respectively. A hot-finger technique11 was used
to control the sample temperature independently from that of
the cavity, which was held constant at �1.5 K. Small
changes in the resonant frequency �f0�T� and bandwidth
�fB�T� were then measured. Rs�T� and �Xs�T� were derived
using the perturbation formulas, Rs�T�+ i�Xs�T�=���fB�T�
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−2i�f0�T��, where � is a geometrical factor dependent on
the microwave field at the sample location. To avoid inherent
problems of drifts in the cavity frequency over long periods
of time, all measurements were repeatedly made relative to a
standard sample temperature �typically 1.0 K�. Cavity back-
ground bandwidths were measured separately in the absence
of a sample and were subtracted from measurements with the
sample present.

In principle, the local equation

Rs = Xs = �1/�2	�0�dc� �1�

in the normal state can be used in conjunction with measure-
ments of �dc to determine � indirectly and hence obtain ab-
solute values of Rs and Xs. In our analysis we used �dc mea-
surements taken by Matsushita et al.2 These were taken on a
number of crystals, including the ones given here. We used a
nominal value for �0=0.9�0.1 m
 cm and carried the sta-
tistical error though in our derivation of Rs and Xs. The res-
olution of our measurements enabled us to confirm the small
upturn in normal-state resistance at low temperatures ob-
served by Matsushita et al.,2 which suggested the possibility
of charge Kondo pairing. However the analysis of our mea-
surements was complicated because of problems from finite-
size effects, as the smallest crystals used were not much
larger than the normal-state skin depth.

The accuracy, reproducibility, and analysis of our tech-
nique were tested by measurements on a Nb sample of
known resistivity and similar dimensions to the measured
samples. Such measurements were consistent with BCS pre-
dictions, with an exponential temperature dependence of
both Rs and Xs at low temperature, with fb�T→0� falling to
the measured cavity background value.

III. RESULTS

A. Surface impedance

Preliminary measurements in the superconducting state
gave a power-law T dependence of Rs�T� and Xs�T� at low
temperature, suggesting an order parameter with nodes.
However, it became apparent that this was due to surface
defects, possibly associated with the tendency of PbTe to
flake along �100	 planes. This led to strongly power-
dependent measurements, typical of weak-link behavior. To
confirm this, we purposely roughened the surface of a
sample. This resulted in a dramatically increased quasilinear
T dependence of Rs and Xs below �0.7 K. No way could be
found to improve sample surface quality by chemical polish-
ing. We therefore selected samples for detailed analysis hav-
ing the smoothest surfaces on optical inspection. The crystal
C5 �the fifth crystal extracted from the C-growth batch� with
the smoothest optical surfaces also had the lowest quasiex-
ponential losses at low temperatures.

The temperature dependence of Rs and Xs for this sample,
normalized to their values at Tc, are shown in Fig. 1. For
comparison, we also show measurements for B1 �a crystal
with less high-quality surfaces� and C2 �a crystals with pur-
posely abraded surfaces�. The solid line represents the ideal
BCS predictions.

The measurements shown Fig. 1 illustrate a very strong
dependence on surface quality, approaching ideal s-wave
BCS behavior for the sample with the smoothest surface
�C5�. In particular, there is no significant power-law T de-
pendence at low temperatures, which might otherwise have
suggested nonconventional pairing with nodes in the order
parameter.

At higher temperatures, the agreement with the BCS pre-
dictions is less good. One particularly interesting feature is
the peak in Xsn just below Tc. A similar peak was observed
previously in superconducting Sr2RuO4 and was attributed to
an initial decrease in screening from charge carriers as they
condense into the superfluid state.12 Such peaks are only pre-
dicted for highly conducting metals with a very short
normal-state skin depth. For a poorly conducting metal such
as Tl-doped PbTe, any such peak would be very narrow, as
shown in Fig. 1�b�. The very much broader observed peaks
seems likely to be associated with weak-link behavior. Evi-
dence for this is supported be the increasing microwave
power dependence of measurements near Tc with surface
roughness and the rapid suppression of the peak on the ap-
plication of relatively small magnetic fields. In all the mea-
surements reported here, the microwave power levels were
well below the level at which nonlinear behavior was first
observed.
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FIG. 1. �Color online� Plots of �a� Rsn and �b� Xsn normalized at
Tc for Tl�1.4%�PbTe, taken at 10.7 GHz. The solid line represents
the ideal BCS predictions.
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B. Low-temperature penetration depth

The temperature dependence of the microwave properties
in the superconducting state involve the real and imaginary
parts of the conductivity �1 and �2. These can be determined
from measurements of Rs and Xs using the following rela-
tionships:

�1�T� = 	�0
2Rs�T�Xs�T�

�Rs�T�2 + Xs�T�2�2 �2�

and

�2�T� = 	�0
Xs�T�2 − Rs�T�2

�Rs�T�2 + Xs�T�2�2 . �3�

��T� can then be derived using

��T� = �	�0�2�T��−1/2. �4�

Obtaining data for �1, �2, and ��0� relies on accurate
absolute measurements of Rs and Xs. The usual method for
obtaining absolute Rs and Xs values is to fit the data above Tc
to the normal-state values determined by the dc conductivity
�Eq. �1��. However, our best crystal was very small, with a
thickness of only �50 �m—comparable to the normal-state
skin depth, requiring corrections for the finite size. This leads
to strongly frequency-dependent values of Rs and Xs in the
normal state, as illustrated in Fig. 2. The absolute values of
the plotted data have been calculated assuming a thin rectan-
gular slab model13 of thickness �50 �m, in qualitative
agreement with the measured thickness of the rather irregu-
larly shaped crystal under an optical microscope. The curves
in Fig. 2 show how finite-size effects can alter the tempera-
ture dependence and absolute values of Rs and Xs from their
thick slab values, where Rs=Xs. In particular, finite-size ef-
fects alter the derived value of Xs used to estimate ��0�.
Corrections for such effects have therefore been made, as
illustrated in Fig. 2.

The low-temperature penetration depth ��0� was calcu-
lated from the finite-size corrected Xs data using Xs�0�
=	�0��0� and extrapolated values of Xs�0�. Using the
highest-frequency measurements, where corrections for
finite-size effects are smallest, and assuming an effective
sample thickness of 50 �m, we obtained a value for ��0�
=1.9�0.2 �m in excellent agreement with estimates based
on the Hall effect data assuming a rigid band model,3 giving
��0�=1.9�0.5 �m. At lower frequencies we assumed the
same value for ��0�, which served to define Xs on an abso-
lute scale. This enabled us to make a more accurate estimate
for the effective thickness. The resulting measurements
shown in Fig. 2 have been plotted using a refined value for
the effective thickness of 53 �m.

C. Temperature dependence of superconducting parameters

To obtain accurate values of �1 and �2 we have assumed
the average value for ��0� of 1.9 �m at all frequencies. This
then fixes the absolute values of Rs and Xs at low tempera-
tures. The resulting values for �2�T� /�2�0�= ���0� /��T��2

�the superfluid fraction� and �1�T� /�1�Tc� are plotted in Fig.
3. Also shown are the predictions for a weakly coupled BCS
superconductor in the dirty limit �for example, Tinkham14�.
The �1�T� /�1�Tc� plots were calculated using code given in
Zimmerman et al.15 and Marsiglio,16 using a value of ��0�
=1.76kBTc.
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FIG. 2. �Color online� Plots of Rs and Xs in the normal state at
4.5 and 15.2 GHz for C5, where solid line fits have been made
using the finite-size model �Ref. 13�, with sample thickness of c
�50 �m. Dashed lines give the predictions ignoring finite-size ef-
fects, where Rs=Xs, see Eq. �1�.
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FIG. 3. �Color online� Plots of �a� �2�T� /�2�0�= ���0� /��T��2

and �b� �1�T� /�1�Tc� for ��0�=1.9 �m. Also shown are the pre-
dictions from BCS theory and MgB2 data from Jing et al. �Refs. 9
and 17�.
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Importantly, the deduced values for the superfluid fraction
���0� /��T��2 at all frequencies lie on top of one another.
However, the data fall somewhat below the BCS predictions
in the dirty limit, assuming ��0�=1.76kBTc. The experimen-
tal data for �1�T� /�1�Tc� exhibit somewhat larger peaks be-
low Tc than the frequency-dependent coherence peaks pre-
dicted by BCS theory in the dirty limit, possibly due to
residual surface imperfections. We note that similar, but even
larger departures from BCS predictions have been
observed9,17,18 for the two-band superconductor MgB2,
which might suggest multiband superconductivity in this
compound also.

It should be noted that, had we assumed a value for ��0�
of 2.7 �m, we would have obtained almost perfect agree-
ment with BCS predictions for �2�T� /�2�0�= ���0� /��T��2

and an improved agreement for �1�T� /�1�Tc�, particular for
the more accurate higher-frequency measurements, as shown
in Fig. 4. However, such a value for ��0� is considerably
larger than the value �1.9�0.2 �m� obtained from our mi-
crowave measurements and estimated from Hall
measurements.3

IV. MEASUREMENTS IN APPLIED FIELDS

Several measurements were made on sample C5 at 4.5
and 15.2 GHz, in an applied magnetic field parallel to the
microwave magnetic field. The data showed no observable

differences between zero-field-cooled �FC� and FC measure-
ments, implying the magnetic-flux lines move relatively
freely into and out of the material. Furthermore, reverse field
measurements gave identical results, showing no signs of
ambient or trapped fields which might affect the field depen-
dence at low fields.

Normalized Rs and Xs measurements at 4.5 GHz for rela-
tively modest fields are shown in Fig. 5. The decrease in Tc
with increasing magnetic field is consistent with previous
measurements by Matsushita et al.3 giving extrapolated val-
ues of Bc2�0��600 mT.

At the transition to the mixed state in an applied field,
both Rs and Xs decrease from their normal-state values. At
low temperatures, the presence of flux lines results in a field
dependent increase in both Rs and Xs. On increasing tem-
perature, the additional contributions decrease, particularly
for Rs, before increasing toward their normal-state values. A
similar field dependence was observed at 15.2 GHz.

More extensive mixed-state measurements were also per-
formed at 10.7 GHz on a slightly larger sample A3 with a
somewhat lower-quality surface. The normalized Rs and Xs
data for this sample are shown in Fig. 6. Finite-size correc-
tions in this case were unnecessary due to the larger size of
sample A3.

In both samples the zero-field peak in Xs at Tc, which
we have associated with weak-link behavior, was rapidly
suppressed by the application of quite modest fields
��50 mT�. Over the rest of the temperature range, the tem-
perature and field dependence is consistent with microwave
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dictions from BCS theory.
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current-induced flux flow.19 We note that at low temperatures
the application of small fields has a significantly larger effect
on Rs than on Xs. This implies that losses from the viscous
motion of flux lines is important down to the lowest tempera-
tures.

An interesting feature of the mixed-state measurements is
the unusual decrease in surface losses on increasing tempera-
ture at intermediate fields �30–300 mT�. For most type-2
superconductors, increasing temperature would be expected
to encourage flux-line depinning and a monotonic increase in
losses.

The variation in Rs and Xs with magnetic field at 0.2 and
0.6 K is shown in Fig. 7. At both temperatures Rs and Xs
initially increase linearly with field, as predicted by the
Coffey-Clem model9 for microwave-induced flux line mo-
tion. The initial linear increase in Rs is larger than that of Xs.
This implies that flux flow is more important than flux pin-
ning at this frequency.19 On increasing the field, Rs rapidly
approaches Xs, with an approximately B1/2 dependence, con-
sistent with a flux-flow resistivity ��B /Bc2��n in the mixed
state. A more detailed study of the temperature, field, and
frequency dependence of the microwave properties in the
mixed state will be presented in a subsequent publication.

The measurements of Rsn and Xsn in Fig. 6 suggest two
phase transitions at two distinct temperatures. The first tran-
sition, which occurs at a quite distinct temperature when
plotted on an expanded scale, we identify with the onset of
surface superconductivity20 at Tc3, which occurs above the

bulk transition to the mixed state at Tc2�B�. These are indi-
cated by arrows at the two transition temperatures for the
Rsn�B=0.3 T� data.

Figure 8 shows the two phase transitions more clearly for
the A3 field data. Below the lower transition, Rsn was fitted
to a second-order temperature dependence. Above the bulk
phase transition, Rsn was fitted to a linear dependence and
Rsn was constant in the normal state. The two phase transi-
tions were determined by the intersections of these lines. The
phase diagram derived from the two transitions is shown in
Fig. 9 with the solid lines showing fits to a 1− t2 dependence.
These give values for Bc2�0�=694�19 mT and Bc3�0�
=863�29 mT, where the former is in good agreement with
the measurements of Matsushita et al.3
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A similar Bc3 effect was observed in measurements on a
clean Nb sample, shown in Fig. 10, with a ratio of Bc3 /Bc2
=1.72�0.14 in close agreement with the predicted value20

of 1.69. The ratio observed in our measurements on
Tl�1.4%�PbTe of Bc3�0� /Bc2�0�=1.24�0.05 is somewhat
lower. This is not unexpected as the value of Bc3�0� is
strongly dependent on the angle between the applied field
and the surface,21 varying from 1.69 when the field is parallel
to the surface to unity when the field is perpendicular. We
have already noted that the sample surface is far from
smooth, which would lead to a lower value of Bc3�0�.

V. SUMMARY

Microwave measurements suggest that Tl�1.4%�PbTe is a
conventional type-II BCS s-wave superconductor. For our
best sample at low temperatures, there was no evidence for
any significant T or T2 power-law dependence characteristic
of p- and d-wave superconductors. Furthermore, evidence
for surface superconductivity above Tc2�B� strongly implies
conventional s-wave superconductivity, as no such effects
have ever been observed for p- or d-wave superconductors.

Using the independent measurements of the bulk conduc-
tivity in the normal state, we deduce a value for ��0�
=1.9�0.2 �m for our best sample, in excellent agreement
with predictions based on the measured Hall coefficient as-
suming a rigid-band model. From the temperature depen-
dence of the microwave properties we derive a superconduct-
ing fraction ���0� /��T��2 that falls somewhat below the
weak-coupling limit for a BCS superconductor in the dirty
limit. This is not unlike the behavior observed in MgB2,
which can be attributed to a two-band superconductor. How-
ever, unlike MgB2, there are no symmetry conditions pre-
venting interband hybridization in Tl-doped PbTe, so such an
explanation seems unlikely.

The derived values of �1�T� /�1�Tc� exhibit pronounced
frequency-dependent peaks rather larger than the coherence
peaks predicted by BCS. However, we note that the derived
values for both ���0� /��T��2 and �1�T� /�1�Tc� could be
made to fit to the BCS predictions if we assumed a value for
��0� of 2.7 �m. This increased value can be obtained from
the data, if we assume an increased surface resistance over
that of the bulk by �50%. Although this seems high, it could
be caused by weak-link surface properties remaining in even
our highest-quality sample or by surface roughness, as ob-
served in other materials.22,23 This emphasizes the likely sen-
sitivity of all microwave measurements to material-
dependent surface properties.

Recent angular resolved photoelectron spectroscopy
�ARPES� measurements24 suggest limitations of the rigid-
band model and may account for an increased ��0� value
from that predicted from Hall measurements. In the same
study, there was no evidence for an impurity band, which has
been previously suggested to account for the high Tc in this
material.1 Measurements of the microwave properties in the
mixed state exhibit a strong temperature and field depen-
dence of both Rs and Xs consistent with microwave-induced
flux flow across the whole frequency range.
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