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Recent evidence for a charge-Kondo effect in superconducting samples of Pb1−xTlxTe has brought renewed
attention to the possibility of negative U superconductivity in this material, associated with valence fluctuations
on the Tl impurity sites. Here, we use indium as an electron donor to counterdope Pb.99Tl.01Te and study the
effect of changing the chemical potential on the Kondo-type physics and the superconductivity. We find a clear
correlation between these two effects, providing further evidence that both are induced by the same source, as
anticipated in the charge-Kondo model.
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I. INTRODUCTION

When doped with more than xc=0.3% T1 atoms, the de-
generate semiconductor Pb1−xTlxTe superconducts,1 with Tc
reaching 1.4 K at the solubility limit, x=1.4%,2,3 an order of
magnitude higher than other materials of similarly low hole
concentration, nH�1019–1020 cm−3.4 Thallium is the only
element known to induce superconductivity in this host,
though it can be tuned to similar carrier concentrations with
other dopants.5 For Tl concentrations for which supercon-
ductivity is observed, a low-temperature resistance upturn is
also found, with a temperature dependence consistent with
the Kondo effect. Initial estimates of the Kondo temperature
based on the low-T resistivity gave TK�6 K �Ref. 1� but
more recent thermopower measurements yield higher esti-
mates closer to 50 K.6 Magnetic impurities were ruled out as
the source of this effect based on susceptibility
measurements.1 Significantly, Tl is a valence-skipping ele-
ment, preferring +3 and +1 filled-shell valence states to the
6s1 configuration of the +2 valence state.7 Measurements of
the Hall coefficient have shown that, for low Tl concentra-
tions, Tl impurities in PbTe have a +1 formal valence, dop-
ing holes and moving the chemical potential deeper into the
valence band.2,8 When the Tl concentration is increased be-
yond the critical value for superconductivity, xc=0.3%, the
Hall number is found to vary much less rapidly with x, indi-
cating a pinning of the Fermi level and an average Tl valence
of +2 for the additional dopants. Due to the valence skipping
nature of Tl, a mixed-valence state is likely for x�xc.

9 Re-
sults from preliminary core-level photoemission spectros-
copy are consistent with this expectation.10

Valence skipping impurities can be described by a Hub-
bard model with a negative value of the parameter, U, the
charging energy for having two electrons on the same impu-
rity site,7,11 and indeed Tl impurities in PbTe have been de-
scribed in this manner by a number of authors.9,12–14 If one
allows the quasilocal impurity states to interact with the va-
lence band of the host, the resulting model must be formu-
lated in the grand canonical ensemble, in which case it is
easy to see that the energy difference between the empty
shell Tl+3 and the filled-shell Tl+ state depends on the chemi-

cal potential, �.13,14 If the energy difference between these
two states is small, it may be possible to adjust the chemical
potential through doping to a particular value, �=�c, for
which the energy difference between these two states van-
ishes. It has been suggested that this is exactly what happens
in Tl-doped PbTe when the Tl concentration reaches xc.

1,14

For Tl concentrations beyond this value the chemical poten-
tial remains pinned at �c, yielding a mixture of +1 and +3
valence states,9 consistent with the Hall data described
above.

With degenerate impurity charge states differing by two
electrons, pairwise scattering of charge carriers from nega-
tive U impurities is strongly favored. The resulting charge
fluctuation at the impurity site constitutes a change of the
formal valence between the two resonant charge states and
can be described in terms of a pseudospin flip in an analo-
gous model to that which describes the traditional Kondo
effect associated with dilute magnetic impurities in a metal.15

In addition to contributing a Kondo-type behavior through
the pseudospin flip scattering channel,12,14,15 which yields an
associated resistance minimum and peak in the density of
states at the Fermi level, this resonant two-electron scattering
can further serve as a mechanism of forming Cooper pairs
between valence-band holes, providing a possible realization
of negative-U superconductivity. We have previously used
this charge-Kondo model to describe the correlation between
the onset of superconductivity in Tl-doped PbTe with the
associated anomalous low-temperature scattering.1,14 Here
we further test the correlation between these two effects by
deliberately tuning the Fermi level for a given Tl concentra-
tion by use of an additional counterdopant, indium.

The correlation between chemical potential pinning and
superconductivity has previously been studied in the cases of
Pb1−x−yTlxLiyTe �Ref. 16� and Pb1−x−yTlxNayTe,17,18 where Li
and Na counterdopants were used to inject additional holes,
while keeping a fixed Tl concentration. In those cases, mov-
ing the chemical potential away from the critical value, �c,
resulted in a suppression of Tc,

16,17 consistent with the ex-
pectations of the negative-U picture described above. How-
ever, the associated anomalous charge-Kondo behavior was
not explored in this regime and it remains an outstanding
question as to whether the low-T resistivity upturn observed
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for superconducting Tl-doped PbTe is suppressed simulta-
neously. If this is found to be the case, it would be further
evidence for the applicability of the charge-Kondo model to
this system, and by extension, for the validity of a
negative-U pairing interaction.

Before considering the mixed case of Pb1−x−yTlxInyTe, it
is first worth briefly reviewing the behavior of indium impu-
rities in the simpler system Pb1−yInyTe since In itself is also
a valence-skipping element. For very low concentrations, In
impurities in PbTe act as a donors, indicating a +3 formal
valence. However, the carrier concentration is almost imme-
diately pinned at around 8�1018 cm−3, even though the in-
dium concentration can reach up to 20%.19 This has been
explained by the presence of a quasilocal impurity level at an
energy of 0.07 eV above the bottom of the conduction
band.20 X-ray photoelectron spectroscopy measurements
have revealed a mixed In valence for 0.5%�y�1.1%.21 The
energy of indium impurity levels in Pb1−yInyTe is indepen-
dent of indium concentration up to 2% doping, indicating
that the radius of s-shell electron wave functions is less than
15 Å.19 This highly local nature of indium impurity states
suggests that hybridization with conduction-band electrons is
weak.19 Thus the charge disproportionation is thought to be
static, not resulting in a fluctuating valence state, and indeed
superconductivity is not observed in this system. This behav-
ior is, however, intimately linked to the observation of an
extremely long-lived photoconductivity; the barrier to re-
combination of nonequilibrium carriers presumably reflect-
ing the two-electron nature of In traps in this material.13,22

Hence, it appears that In and Tl impurities in PbTe are two
sides of the same coin—both lead to disproportionation for
concentrations beyond some critical value but in the case of
In one finds a static heterogeneous mixed valence whereas in
the case of Tl evidence points toward a dynamically fluctu-
ating homogeneous mixed valence.

In the present case, we use In as a counterdopant to tune
the chemical potential in Pb0.99−yTl0.01InyTe, for a fixed Tl
concentration, x=1.0�3�%�xc=0.3%. Since the Fermi level
is well below the bottom of the conduction band, the indium
impurities are anticipated to act as donors so long as y�x. In
practice, the presence of Pb vacancies, and uncertainty in the
actual Tl concentration, means that somewhat higher In con-
centrations still appear to act as donors, moving the Fermi
level first higher in the valence band, and eventually up in to
the conduction band. For indium concentrations below a
critical value yc of approximately 1%, the Fermi level ap-
pears to be pinned at a value typical for Tl-doped PbTe with
x�xc, and these samples are found to superconduct. Larger
values of the indium concentration result in a suppression of
the superconductivity and samples with y�1.2% do not su-
perconduct above 50 mK. This is similar to the action of Na
and Li counterdopants16–18 but in this case In acts as an

electron donor rather than Na and Li which are electron ac-
ceptors. Significantly, we also find a suppression of the low-
temperature resistance upturn, and an increase in the residual
resistance ratio, RRR=��300K� /��0�, as y increases beyond
yc, further demonstrating the correlation between supercon-
ductivity and the anomalous low-temperature scattering pre-
viously attributed to the charge-Kondo effect.1

II. EXPERIMENTAL METHODS

Single crystals of Pb1−x−yTlxInyTe were grown using the
same physical vapor-transport method we have described
previously.8 The composition was measured by electron mi-
croprobe analysis �EMPA�, using PbTe, In metal, and Tl2Te
standards. The results of these measurements are shown in
Table I. Relatively large standard deviations for the Tl impu-
rity concentration likely reflect slight inhomogeneity across
any given sample. It should be noted, though, that it is diffi-
cult to measure such small concentrations of Tl accurately
due to a combination of the proximity of strong Pb lines in
the collected spectrum and also because the energies of thal-
lium k- and l-shell lines happen to occur toward the edges of
the x-ray photodetectors on the EMPA instrument. Thus, the
count rate for thallium measurements is abnormally low,
even considering the low dopant concentrations, and result-
ing standard deviations for Tl are particularly high, even
when counting time is extended to two minutes. Since each
batch was grown independently, it was not possible to main-
tain exactly equal Tl concentrations throughout the series.
However, since all samples were within one standard devia-
tion of the average value x=1.0%, a Tl concentration of x
=1.0�3�% will be assumed in the following analysis. As each
sample has Tl concentrations, x�xc=0.3% for each data
point measured, we can confidently associate any change in
the chemical potential away from �c to the effect of the
additional In atoms. Even so, we can also anticipate some
scatter when comparing closely spaced In concentrations.

Bars were cleaved from single crystals for electrical trans-
port measurements. Resistivity data were obtained at fre-
quencies of 13.5, 13.7, or 37 Hz, and current densities along
the �100� direction of order 100 mA /cm2 at temperatures
above 1.8 K and 10 mA /cm2 for data taken below 1.8 K,
using a Quantum Design Physical Properties Measurement
System �PPMS� system equipped with a He3 insert. Mea-
surements below 350 mK were performed using a He3 /He4

dilution refrigerator. Data below 1.8 K were taken at a vari-
ety of current densities to check for heating effects. The Hall
number at a temperature of 1.8 K was obtained from linear
fits to the transverse voltage in fields from −9 to 9 T, aligned
along the �001� direction. All electrical contacts were made
by sputtering gold contact pads, then fixing platinum wire to
the pads using Epotek H20E conductive silver epoxy, with

TABLE I. Composition of Pb1−x−yTlxInyTe samples used in this study, determined by EMPA measure-
ments. Error bars are standard deviations of 4–6 data points, taken in different locations on two separate
samples.

x �at. %� 1.1�2� 1.0�4� 0.7�4� 1.0�2� 1.0�4� 1.0�4� 1.1�4�
y �at. %� 0 0.5�1� 0.8�1� 1.2�1� 1.4�1� 2.1�1� 3.1�1�
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typical contact resistances between 2 and 5 �.
Heat capacity was measured between 0.35 and 5 K on

5–12 mg single crystals using the relaxation method with a
Quantum Design PPMS system equipped with a He-3 cry-
ostat. Measurements were made in zero field and in an ap-
plied field of 1 T �aligned at an arbitrary angle to the crystal
axes� to suppress the superconducting transition. The elec-
tronic contribution, 	, was calculated from linear fits to C /T
vs T2, for data taken below 1 K and in an applied field.

III. RESULTS

Although PbTe is a multiband semiconductor, the Hall
number, nH=1 /RHe, can be used as a reasonable estimate of
the carrier concentration because the mobilities of the two
valence bands occupied at these carrier concentrations are
similar.8 Values of nH measured at 1.8 K are shown as a
function of y in Fig. 1�A�. For In concentrations, y
0.8%,
the carrier concentration is near 0.8�1020 cm−3, indicating
that the chemical potential is pinned at the critical value �c,

as observed in Pb1−xTlxTe, with x�0.3%.8 Above y=0.8%,
the carrier concentration decreases, indicating a movement of
the chemical potential away from �c. This is consistent with
the expected donor nature of In dopants in lead telluride, as
described above. The initial change in carrier density as y
varies from 0.8% to 1.2% is abrupt. Taking the average of
these two indium concentrations gives an estimate of the
critical indium concentration for depinning of the chemical
potential of yc�1% but this value is necessarily poorly de-
fined given the variation in the actual Tl concentration from
batch to batch �Table I�. At even higher In concentrations,
between y=2.1% and 3.1%, the material becomes n-type. In
the case that all Tl atoms are in the +1 formal valence, one
would expect full compensation of holes introduced by Tl
dopants for an In concentration equal to the concentration of
Tl dopants. It is unclear why this happens at a slightly higher
indium concentration, but this might suggest an increase in
the number of lead vacancies, which add additional holes,
with increasing In concentration.

Resistivity data for Pb.99−yTl.01InyTe between 1.8 and 300
K �normalized to the value at 300 K for clarity� are shown in
Fig. 2 for six representative In concentrations, including y
=0. As can be seen, for In concentrations y
0.8% the ma-
terial is characterized by a large residual resistivity �indica-
tive of a large scattering rate� and consistent with previous
measurements of Pb1−xTlxTe, with x�0.3%.6 The tempera-
ture dependence of the resistivity is modest and there is little
variation between the three representative In concentrations
shown in this range �y=0, 0.5, and 0.8%�. However, as the In
concentration is increased beyond 0.8%, the residual resistiv-
ity decreases, and the temperature dependence becomes
much stronger. This behavior is qualitatively similar to that
observed in Pb1−xTlxTe, with x�0.3%.23 The trend can be
characterized by the variation in the residual resistance ratio,
RRR=��300 K� /��1.8 K� with y, which is shown in Fig.
1�B�. Significantly, the abrupt increase in RRR �decrease in
scattering rate� correlates with the “offset” of Fermi level
pinning �Fig. 1�A�� that occurs as y is increased beyond yc
�1%. The decrease in scattering clearly outweighs the
reduction in carrier density in terms of its effect on the
conductivity.
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FIG. 1. �Color online� Effect of indium substitution in
Pb0.99−yTl0.01InyTe as a function of indium content y on �a� the Hall
number, nH; �b� the residual resistance ratio, RRR
=��300 K� /��1.8 K�; �c� an estimate of the magnitude of the low-
temperature resistance upturn, ��=��1.8 K�−��min�; �d� the elec-
tronic coefficient to the specific heat, 	 �left axis�, and the corre-
sponding density of states per spin at the Fermi level, N�0� �right
axis�; and �e� the superconducting critical temperature, Tc, derived
from heat-capacity measurements. Lines are drawn between data
points as a guide to the eye. The data delineate two distinct regimes.
For concentrations y
0.8% �solid blue shading� samples have a
large hole density, superconduct, and exhibit anomalous low-
temperature scattering. For concentrations y�1.4% �no shading�
the Fermi level moves steadily up in to the conduction band, the
material does not superconduct above 50 mK, and there is no resis-
tivity upturn at low temperature �no shading�. Crossover behavior
between these two regimes �graded shading for 0.8�y�1.4%� is
characterized by intermediate values of the RRR and 	.

FIG. 2. �Color online� Representative resistivity data for
Pb0.99−yTl0.01InyTe between 1.8 and 300 K, normalized to the value
at 300 K for clarity. Data are labeled by the In content. For In
concentrations above 0.8% there is a substantial reduction in the
residual resistivity and corresponding increase in the RRR.
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Further insight can be gained by more careful inspection
of the low-temperature resistivity, representative examples of
which are shown in Fig. 3. For y
1.2%, a low-temperature
resistance upturn is observed, leading to a minimum
���min�� centered between 8.5 and 9 K, similar to that ob-
served in Pb.99Tl.01Te for x�0.3%.1 Further increasing the
In concentration beyond this value leads to a complete sup-
pression of the low-temperature upturn, as observed for
Pb.99Tl.01Te with x�0.3%.23 A crude estimate of the magni-
tude of the resistance upturn can be obtained by considering
the difference ��=��1.8 K�−��min�. This quantity is shown
as a function of the indium content y in Fig. 1�C�. It appears
that the offset of Fermi-level pinning in Pb.99−yTl.01InyTe as
the indium concentration is increased beyond yc is correlated
with significant changes in the low-temperature scattering.

In addition to the transport measurements described
above, heat-capacity measurements were used to determine
both Tc �in zero field� and the density of states at EF, N�0� �in
a field of 1 T, greater than Hc2�. Considering first the mea-
surements made in field, representative data for four In con-
centrations are shown in Fig. 4�B�. Linear fits to C /T as a
function of T2, for T�1 K yield estimates of the Sommer-
feld coefficient, 	, which are shown as a function of y in
panel D of Fig. 1 �left axis� together with the corresponding
values of N�0� �right axis�. For y�yc, Pb0.99−yTl0.01InyTe
shows an approximately constant value of 	
=0.505�5� mJ /mol K2, which is higher than the value of
0.4 mJ /mol K2, expected for a Tl and In free sample of
similar carrier concentration, based on previous calculations
using the known PbTe band structure and made assuming a
rigid band shift of the Fermi level.8 For y�yc, where super-
conductivity is not observed, the materials show a reduced
value of 	�0.2 mJ /mol K2, much closer to the value ex-
pected for PbTe at those carrier concentrations.8

Representative heat-capacity data taken in zero field are
shown in panel A of Fig. 4 for five In concentrations, includ-
ing y=0. Samples with In concentration y�0.8% show
sharp superconducting transitions with Tc decreasing with
increasing y. Estimates of the normalized heat-capacity
jump, �C /	Tc, yield numbers close to the BCS value of 1.43

for weak-coupled superconductors, indicative of bulk super-
conductivity in all of these samples �inset to Fig. 4; error
bars were estimated by comparing linear extrapolations to
C /T over different temperature ranges above and below Tc�.
For y=0.8%, the superconducting transition is significantly
broadened, and for y�1.2%, samples do not show any evi-
dence of a superconducting anomaly above 0.35 K �the base
temperature of the He-3 cryostat used for these measure-
ments�. The broadened transition in the sample with y
=0.8%, combined with the observation of a somewhat re-
duced value of �C /	Tc for this sample, likely reflects the
effect of inhomogeneity. While there is no reason to expect a
greater degree of inhomogeneity in material with this par-
ticular In concentration, the effect of any given amount of
inhomogeneity would be magnified in a sample with a com-
position near to a sharp transition between superconducting
and nonsuperconducting behavior. Indeed, the doping depen-
dence of Tc does appear to exhibit a sharp offset as the In
concentration is increased above 0.8%. Estimates of Tc, ob-
tained from the midpoint in the specific-heat discontinuity,
are shown as a function of In content, y, in panel E of Fig. 1.
Error bars are defined as 90–10 % of the full transition
height. With increasing In counterdoping, Tc is reduced from
a value of 1.1 K for y=0 to less than 0.35 K by an In con-
centration of y=1.2%. Resistivity data for two samples with
this In concentration were also collected down to a tempera-
ture of 50 mK in a dilution refrigerator and were found to not
superconduct.

FIG. 3. �Color online� Temperature dependence of the resistivity
of Pb0.99−yTl0.01InyTe at low temperatures for four representative In
concentrations. For y
1.2% a low-temperature upturn is observed.

FIG. 4. �Color online� �a� Representative data showing the tem-
perature dependence of the heat capacity of Pb0.99−yTl0.01InyTe with
0�y�2.1%, shown as Cp /T. Inset shows the normalized heat-
capacity jump, �Cp /	Tc, as a function of the indium concentration,
y, as described in the main text. The horizontal line in the inset
represents the BCS weak coupling prediction of �C /	Tc=1.43. �b�
Cp /T as a function of T2, for the same samples shown in panel �a�.
Lines are linear fits to data taken below 1 K, from which the Som-
merfeld coefficient, 	, is extracted.
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IV. DISCUSSION

The results described above, and summarized in Fig. 1,
paint the following general picture. First, In counterdoping in
Pb0.99−yTl0.01InyTe acts as an electron donor, as anticipated
from previous studies of In-doped PbTe described in the In-
troduction. However, the Hall number nH, reflecting the mo-
bile carrier density, does not change significantly with in-
creasing In concentration until y exceeds yc�1%, consistent
with the idea of Fermi-level pinning already developed by
several authors for Tl-doped PbTe.3,9,12,14 Second, associated
with the offset of Fermi-level pinning as the indium concen-
tration exceeds this threshold value, there is a substantial
reduction in the residual resistivity �and corresponding in-
crease in the RRR�—a quite remarkable effect given that this
is achieved by adding more impurities to the material—and
the low-temperature resistivity upturn disappears. Simulta-
neous with these effects, the electronic contribution to the
heat capacity indicates that N�0� is substantially reduced, and
finally, the superconductivity turns off. These broad trends
can be seen in Fig. 1 as the two regimes y
0.8% �solid blue
shading� and y�1.4% �no shading�, separated by a crossover
region �graded shading�.

The crossover region between the two classes of behavior
is not perfectly distinct. In particular, samples with y=1.2%
exhibit a low-T resistive upturn with an intermediate value of
	 and nH, and did not superconduct down to 50 mK. Previ-
ously, Tl-doped PbTe, samples close to the critical Tl con-
centration xc=0.3% were only found to superconduct at very
low temperatures �13 mK� �Ref. 1� and we cannot rule out a
similarly low Tc in this case. Measurements were made for a
variety of currents but it is also possible that heating or
current-density effects suppressed Tc to below 50 mK.
Equally, we cannot unambiguously rule out the possibility
that this particular concentration results in a nonsupercon-
ducting ground state. The inherent inhomogeneity in these
doped samples may also play a role in obscuring the behav-
ior in this crossover regime. Even so, there is a broad corre-
lation between the presence of Fermi-level pinning, anoma-
lous low-T scattering, and a superconducting ground state,
obscured only at the crossover between these two behaviors
close to yc�1%. Variation in the Tl content from batch to
batch �Table I�, and possibly even from sample to sample,
presumably leads to the slight nonmonatonicity observed in
Fig. 1.

In the case of lithium16 and sodium17,18 counterdopants, a
correlation between elevated density of states, chemical po-
tential pinning, and superconductivity has also been ob-
served. The authors of those studies attributed this correla-
tion to formation of a narrow Tl impurity band, in contrast to
the charge-Kondo picture developed in Refs. 1 and 14. The
additional correlation of Kondo-type scattering with super-
conductivity and chemical potential pinning noted in the

present work provides further evidence for the applicability
of a charge-Kondo picture for Tl impurities in PbTe. Direct
probes of the Tl valence in these counterdoped samples
would be of great interest. Based on previous results for
Pb1−xTlxTe, it is anticipated that a mixed valence state will
be found in Pb0.99−yTl0.01InyTe for y
0.8%, whereas only a
single Tl valence �corresponding to Tl+� will be found for
y�1.4%.

The mixed doping investigated here has benefits and de-
tractions. On the positive side, counterdoping for a fixed
�high� Tl concentration means that the Tl concentration is
considerably higher in Pb0.99−yTl0.01InyTe than in Pb1−xTlxTe
at the onset/offset of Fermi-level pinning. In principle, this
means that one could compare in a quantitative fashion the
concentration of Kondo impurities �which we have previ-
ously argued to be less than the actual number of Tl impuri-
ties due to disorder effects1,6� in the two concentration re-
gimes, the correlation of which with Tc would be of
considerable interest. In practice, however, the degree to
which it is possible to keep a fixed Tl concentration while the
In concentration is varied is limited, especially for these low
impurity levels. The inherent variation that this induces, both
between crystals from different batches, and to some extent
even within a single crystal, imposes rather severe limita-
tions on the extent to which a meaningful quantitative analy-
sis is possible.

V. CONCLUSIONS

In summary, we have found a clear correlation between
chemical potential pinning, superconductivity, and the pres-
ence of Kondo-type resistance upturn in Pb0.99−yTl0.01InyTe.
A similar correlation has previously been observed for the
simpler system Pb1−xTlxTe.1 The current work clarifies that
the anomalous low-temperature behavior in this material is a
function of the Fermi level, which we have shown can be
controlled independent of the Tl concentration. This provides
a distinction between spurious effects, such as those intro-
duced by magnetic impurities, and effects resulting from the
intrinsic mixed-valent state that has been found in Tl-doped
PbTe.10 These observations provide additional support for
the hypothesis that superconductivity in Pb1−xTlxTe arises
from a negative-U mechanism associated with mixed va-
lency of the Tl impurities, which also induces a charge-
Kondo effect.14
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