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We report resistivity and thermopower measurements on a series of Pb-substituted ceramic samples of
Bi2Sr2CaCu208+q. The samples show an increase in their conductivity and a systematic fall to more neg-
ative values of thermopower as holes are added with the introduction of progressively more Pb or oxy-

gen, trends held in common with other high-T, superconductors. Furthermore, the thermopower falls

linearly with increasing temperature in all of our samples, with the unusual property that it extrapolates
to a large (typically & 5 pV/K) nonzero value at zero temperature. This offset value decreases dramati-

cally as holes are added, whereas the linear slope shows a much weaker decrease. This temperature
dependence can be fitted to a model in which the thermopower is strongly enhanced at low temperatures

by the electron-phonon interaction.

I. INTRODUCTION

To understand fully and then exploit the high-T, su-
perconductors it is important to determine not only their
superconducting but also their normal-state properties.
Furthermore, the unusual normal-state transport behav-
ior displayed by many of these compounds may hold
clues concerning the nature of the superconductivity it-
self. Among these is the thermopower, which is generally
acknowledged to depend sensitively on the energy depen-
dence of the electron lifetime and density of states near
the Fermi energy (EF ). It is thus a useful complement to
the resistivity, which depends simply on the value of
these parameters at EF.

As is documented in a recent review paper, ' the
normal-state thermopower of the copper-oxide supercon-
ductors has been measured by many groups, though there
is as yet no consensus regarding the explanation of the
unusual behavior of this parameter. Its magnitude is gen-
erally a few pViK, as would be expected for a conven-
tional metal with the low carrier densities characteristic
of these materials. Its sign is commonly, but not always,
found to be positive, consistent with the charge carrier
sign as determined by Hall-effect measurements for most
of the high-T, materials. (Note that the sign of the ther-
mopower does not unambiguously determine the sign of
the charge carriers. ) It is, however, not even approxi-
mately proportional to temperature, as is expected and
approximately found for conventional metals when the
phonon drag peak is suppressed. Furthermore, there is
variability in the behavior measured by different groups,
presumably arising from variations in composition. In
this paper we report measurements of the thermopower
of a series of Pb-substituted samples of Bi2Sr2CaCu208+&,

and we have found systematic trends with changes to the
Pb and oxygen concentration. Using these ceramic sam-
ples of varying composition, we have been able to investi-
gate the thermopower for a large range of hole concentra-
tions.

The Bi2(Sr, Ca)„+&Cu„02„+4+s (Bi-Sr-Ca-Cu-0) su-
perconductors form a homologous series as n increases,
with the members n =1,2, 3 having been identified as su-
perconducting. The n =2 member is readily prepared as
single phase, and up to 20% of the Bi atoms in this com-
pound can be replaced by Pb. In common with all the
high-T, materials, these compounds possess copper-oxide
layers, in this case with n Cu02 layers in each unit cell,
separated by BiO bilayers. Unlike YBa2Cu307 s (Y-Ba-
Cu-O), the Bi-Sr-Ca-Cu-0 compounds do not have CuO
chain structures with their severely variable oxygen
stoichiometry. Nonetheless, they show a degree of varia-
biHty in their oxygen stoichiometry, associated with the
BiO bilayers, which affects their physical properties. '

The normal-state resistivity p of the Bi-Sr-Ca-Cu-0
compounds is approximately linear in temperature, in
common with all the high-T, materials. The members of
this particular series show a thermopower (S) which is
also linear in temperature with a negative slope, near—0.03 pV/K in all reported data. ' The thermopower
data reported by various groups thus lie along approxi-
mately parallel )ines when plotted against temperature.
In all cases the data extrapolate to a large ()5 isV/K)
positive value at 0 K. This particularly simple behavior
is shared with the Tl-based high-T, compounds. On the
other hand, the thermopower of Y-Ba-Cu-0 shows a
range of more complicated temperature dependences,
with less agreement among the data from different
groups. '* It has recently been suggested that the ther-
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mopower in Y-Ba-Cu-0 is complicated by variations in
the relative contributions from the CuO chains and the
Cu02 planes.

There exists only one previous measurement of the
thermopower in the Pb-substituted version of n =2 Bi-
Sr-Ca-Cu-0 for x =0.5. The results showed the lowest
values of the thermopower as yet reported in this series of
compounds, starting at zero just above T„and thereafter
falling at a typical rate (

—0.03 pV/K ). The same paper
reports measurements on an unsubstituted sample as
well, with essentially the same results. We will show
below that these low values are likely the result of the
material being heavily loaded with oxygen. Measure-
ments on Pb-substituted n =3 Bi-Sr-Ca-Cu-0 (Refs.
10—12) also yield a thermopower decreasing as the tem-
perature increases, with varying magnitudes above T, ~
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I—
(0
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Z'-

II. EXPERIMENTAL DETAILS

The samples were prepared by direct reaction of
analytical quality reagents, the oxides of copper(II),
bismuth(III), and lead(II) and the nitrates of calcium and
strontium, all carefully dried at 170'C to desorb water
before weighing. Six samples were prepared, with lead
substitutions x ranging from 0.1 to 0.35. The Pb concen-
tration x given below are those determined from the ini-
tial weighings, which were checked by EDAX and wet
chemical analysis to be identical to the average values in
the finished samples.

The stoichiometric mix was ground and fired at 750'C
to melt and thoroughly mix the reagents. The products
were then reground in cyclohexane, dried, pressed into
25-mm pellets, and fired at 830 C on gold foil in air for 4
h. Products from this reaction were again ground in cy-
clohexane, dried, pressed, and reacted at 830'C in air for
12 h. This procedure was then repeated, after which the
samples were annealed at 800'C in air for 1 h and then
quenched in liquid nitrogen. The samples were then sub-

jected to x-ray diffractometry (XRD) and resistance mea-

surements to establish that they were the required com-
pound before regrinding them and pressing them into the
50X4X4 mm bars required for the transport measure-
ments. The bars were reacted in air at 850'C for 6 h, an-
nealed in a flowing 2%%uo 02-98 Jo N2 mix for 1 h at 800'C,
and finally quenched in liquid nitrogen. The result of this
final reaction procedure is to minimize the oxygen con-
tent and thus the hole concentration in the material. We
are unable to quote a value of 6 for our samples, although
we expect this parameter to be the same (50) for all of the
material prepared with the final reaction outlined above.
The oxygen concentration in these materials can be rever-
sibly altered by performing the final reaction and quench-
ing in different atmospheres, and as discussed below we

have measured the thermopower on one of our samples
annealed in enriched oxygen atmospheres. In this case
we were able to measure the change in 6 after the further
reaction by noting the change in the weight of the sam-

ple.
12 mm-diam pellets were prepared at the same time as

the transport bars, and these were used for XRD charac-
terization. A representative pattern is shown in Fig. 1.
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FIG. 1. A typical x-ray diffraction pattern. The only lines
that cannot be indexed in the crystal structure of Bi-Sr-Ca-Cu-0
are the three very small peaks near 35', marked by a dark bar
under the spectrum.

The most obvious impurity phase, indicated by three
closely spaced peaks near 35', were reported by Lee
et al. ' to be Bi203 4(Ca, /3S12/3)O.

Resistivity measurements were made with the standard
four-probe method, carefully reversing the current to
correct for thermoelectric voltages. The thermopower
was measured against manganin leads whose thermo-
power had been measured against pure Pb, assuming the
absolute calibration of Roberts. ' The data presented
below have all been corrected for the contribution of
manganin leads to the measured relative thermopower.
The technique used here is similar to that in Refs. 5, 6,
and 15 and the uncertainties are comparable to those de-
scribed in those references. The resistivity data are accu-
rate to 0.1 mQcm and the thermopower data to 0.3

pV/K. All temperature measurements were referenced
to a calibrated Rh-Fe thermometer and are accurate to
0.5 K.

III. RESULTS AND DISCUSSION

The measured resistivities are shown in Fig. 2 for the
samples where data are available up to room tempera-
ture. We note that, although T, is only weakly depen-
dent on Pb content, the normal-state resistivity drops and
its temperature coefficient rises with the introduction of
Pb. The relative insensitivity of T, can be understood as a
consequence of the well-documented parabolic maximum
that this parameter shows for a hole concentration of
0.15 per Cu atom in CuOz planes. ' As noted above, the
preparation procedure we have used minimizes the oxy-

gen, and thus the hole, concentration, with the result that
our samples lie close to the maximum in T„on the low

hole concentration side. The substitution of Pb + for
Bi + then increases the hole concentration across the flat
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FIG. 2. The resistivity of samples with 5=5p and x of 0.1

(circles), 0.15 (triangles), 0.2 (diamonds), 0.3 (+), and 0.35
(squares). -2

maximum region. Note that the lowest Pb concentration
shows a reduced T„in agreement with this picture.

We turn now to the thermopower, shown in Fig. 3.
Since its measurement does not rely on a knowledge of
the form factor (L/A), the thermopower is less effected
by the porosity of the sample than is the resistivity.
Thus, the data shown represent an average between the
c-axis and basal plane values, weighted by the respective
conductivities. The basal plane conductivity is much the
larger, so our measured thermopower approximates the
basal plane value, S,b.

The thermopower of Fig. 3 has, in all cases, a positive
or very small negative value just above T, and it falls
linearly with a slope near —0.03 pV/K as the tempera-
ture rises toward 300 K. The magnitude of this slope
varies by about 30%%uo, being largest for samples with the
most positive thermopower. There is a shift toward more
negative values as Pb is added, i.e., as the hole concentra-
tion is increased. That it is the hole concentration which
causes the drop is confirmed by the data displayed in Fig.
3(b) which show a similar drop when the hole concentra-
tion is increased by adding oxygen. This trend toward
more negative values of thermopower with increasing ox-
ygen concentration has also been reported for unsubsti-
tuted n =2 Bi-Sr-Ca-Cu-O. ' Our results span the range
of curves reported by other groups, and identifies the
variation in earlier results as arising from variable hole
concentration. The shift toward more negative values
when adding positive charge carriers is also found in the
more complicated thermopower of Y-Ba-Cu-O, ' and in
that case it has been attributed to changes in the balance
of contributions to the thermopower from the CuO
chains and the Cu02 planes. The same explanation ob-
viously cannot be used in the present case. This behavior
would also appear to be inconsistent with a picture in
which the changes result simply from extra carriers ap-
pearing in a holelike conduction band unless the hole
band thermopower itself is negative. A contribution to
the thermopower that is of the opposite sign to that of
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the carriers can result, for example, from strong energy
dependence in the carrier relaxation time or density of
states.

We now consider the detailed temperature dependence
of the thermopower of Bi-Sr-Ca-Cu-O, displayed in Fig.
3. The most striking feature is that it retains its linearity
over the entire temperature range measured. It is unlike-
ly that such a simple linear thermopower would be an ac-
cidental artifact arising from a combination of diffusion
and phonon drag effects. The fact that this pattern is sys-
tematically maintained as the magnitude of the thermo-
power is changed by the substitution of Pb or oxygen fur-
ther consolidates this view. A linear temperature depen-
dence in the thermopower is usually ascribed to a
diffusion thermopower of a degenerate electron gas; how-
ever, such a contribution is normally proportional to the
temperature, and thus should extrapolate to zero at 0 K.

Deviations from strict linearity can result from a non-
linear energy dependence in the conducting properties of
electrons near the Fermi energy, and when this depen-
dence is caused by the electron-phonon interaction' then
at intermediate temperatures (8~ & T & 8D/3, where 8D
is the Debye temperature) the thermopower approxi-
mates a linear behavior extrapolating to a nonzero value
at 0 K. The effect results from distortions to the electron
density of states at energies within OD of E„;the thermo-
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FIG. 3. (a) The therrnopower of samples with 5=5p and x of
0.1 (circles), 0.15 (triangles), 0.2 (diamonds), 0.25 ( X ), 0.3 (+),
and 0.35 (squares). In the interest of clarity, the data points
represent averages over typically five adjacent values. (b) The
thermopower of the x =0.3 sample with different oxygen con-
centrations 5 of 5p (+) 5p+0. 23 (circles), and 5p+0. 27 (trian-
gles).
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power depends on the average derivatives within about
kT of EF which are then different for temperatures above
and below 8D. This effect has been seen in many metallic

systems with short electron and phonon mean free paths,
which suppresses the phonon drag thermopower. " '

It is normally observed as an enhancement by the mass
enhancement factor at low temperatures, and the ap-
parent extrapolated offset is thus both modest and of the
same sign as the slope, neither of which are characteristic
of the data shown in Fig. 3. The conventional supercon-
ductor, Sn-Ag, does show an offset of opposite sign to the
slope, however, and it is thus qualitatively similar to the
Bi-Sr-Ca-Cu-0 materials. Furthermore, it has recently
been pointed out that some aspects of the electronic be-
havior of the Bi- and Tl-based copper-oxide superconduc-
tors can be accounted for by a standard metallic model in
which the electron-phonon interaction is greatly
enhanced, as might occur for strongly anharmonic pho-
nons. ' ' Within this scenario it is not unreasonable to
consider the possibility of an anomalously strong
electron-phonon enhancement in the diffusion thermo-
power of Bi-Sr-Ca-Cu-O.

With the inclusion of the enhancement, the diffusion
thermopower can be written

S=Sb +cl s( T)T,
where Sb is the (bare) unenhanced thermopower, normal-

ly considered to be linear in temperature T, and ks(T) is

a function that is determined by an integral over the
Eiiashberg function [a F(E)] as defined in Ref. 19.
A,s(0) is the usual mass enhancement factor and
A, s( ~ ) =0. c is a constant which depends on the balance
of therrnopower contributions from different bands and
their relative enhancement factors and can be of opposite
sign to Sb if the contributions have opposite signs and
very different enhancements.

In order to fit the data to Eq. (1), we have calculated
As(T) using an Eliashberg function a F(E) of the same
shape as the measured phonon density of modes F (E) for
n =2 Bi-Sr-Ca-Cu-O. The bare therrnopower was taken
as linear. Examples of the resulting fits are shown as
solid lines in Fig. 4. The values of S&/T varied between
—18 and —28 nV/K, tending to be of smaller magni-
tude for samples showing more negative thermopower,
while the values of ck,s(0) varied from 182 nV/K for
x =0. 1 —11 nV/K for the highly oxygenated x =0.3
sample. The large size of some of these values of cl,s(0),
and the fact that they have the opposite sign to Sb, would
require an anomalously strong electron-phonon interac-
tion for some of the carriers contributing a positive ther-
mopower.

The temperature dependence predicted by the enhance-
ment model does not depend strongly on the details of
the Eliashberg function, but rather on the energy range in
which the major weight of the function is found. It is
clear from Fig. 4 that an improved fit would be obtained
if the predicted peak was shifted toward lower tempera-
ture, which occurs if a F(E) is weighted toward lower
energy; i.e., if the carriers interact more strongly with
lower-energy phonons. We therefore show by dashed
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FIG. 4. A comparison of the measured thermopower with
the calculated thermopower caused by a very strong electron-
phonon interaction for samples with 5=50 and x =0. 1 (circles),
0.2 (diamonds), and 0.3 (+), and for the x =0.3 sample with

5=5o+0.23 (inverted triangles) and 5=50+0.27 (upright trian-
gles). The solid curves are for an Eliashberg function with the
same phonon density of states as measured for x=0, and the
dashed curves are for an Eliashberg function with greater
weighting for lower-energy modes. Some data sets are omitted
for clarity.

lines in Fig. 4 fits to an Eliashberg function calculated for
Y-Ba-Cu-O, but used here only as a representative func-
tion with greater weight at lower energies. The use of
this function shows an excellent description of the data.

It is interesting to speculate whether the possible
strong electron-phonon effect on the thermopower is re-
lated to the occurrence of a high T, . In Fig. 5 we plot, as
a function of the relative hole concentration, a linear ex-
trapolation of the thermopower to 0 K and T, deter-
mined by the zero-resistance temperature. Since there
are two Cu atoms per unit cell, the excess hole concentra-
tion produced by adding Pb in Biz „Pb Sr2CaCu20, +& is
estimated as x/2 per Cu atom. The width of the super-
conducting transition increases as hole concentration is
reduced, so the zero-resistance T, does not give an ade-

quate indication of the whole transition. For this reason,
we also indicate in Fig. 5 the range over which the transi-
tion occurs by plotting an approximate measure of an
upper "onset" temperature. It is not possible to define
such an "onset" temperature precisely, but this is not im-

portant for our present qualitative comparison. Our "on-
set" temperature is taken as the intersection of lines
drawn tangent to R ( T) at points well above T, and at the
center of the transition region. It indicates very approxi-
mately where portions of the sample first become super-
conducting as the temperature is reduced, although, of
course, the effect of superconducting fluctuations in the
normal state extends to higher temperatures. The uncer-
tainty in estimating the quantities in Fig. 5 from the data
is comparable to the size of the plotted symbols. The de-

creasing "onset" temperature with an increasing hole
concentration is similar to the dependence shown by the
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FIG. 5. The thermopower extrapolated to 0 K (solid
squares), the zero-resistance temperature (open squares), and
the "onset" transition temperature (open circles, see text for
definition and discussion), plotted against the hole concentra-
tion expressed as a number of holes per Cu atom. The hole con-
centration is given relative to the concentration in material with
x =0 and 5=50.

oxygen isotope shift of T, in Y-Ba-Cu-0 (Refs. 28 and 29)
and La2 Sr„Cu04. The extrapolated thermopower
S(0) in Fig. 5, which depends in the model on the
strength of the electron-phonon interaction and other
electronic properties, displays a qualitatively similar
dependence on hole concentration, suggesting the possi-
bility that the origin of these variations may be related in

some way. The variation of S(0) is more similar to that
of the approximate "onset" temperature we have defined
than to the zero-resistance T„which decreases at low
hole concentrations owing to the greater width of the
transition.

IV. CONCLUSIONS

We have performed normal-state resistivity and ther-
mopower measurements on a series of ceramic samples of
Bi2 Pb„Sr2CaCu208+&. The samples were seen to be-
come more conductive as Pb was added, as is expected
from the increase in the hole carrier density. The ther-
mopower became more negative with an increase of holes
caused by the introduction of Pb or excess oxygen, which
is against the trend expected on a simple model unless the
thermopower contributed by the holes is negative. It is
interesting that the thermopower of Y-Ba-Cu-0 shows a
similar dependence on the hole concentration.

The temperature dependence of the thermopower re-
tained the simple linear form already noted for pure
B12S12CaCu20g+g over the entire range of Pb and oxygen
substitutions. We suggest than an explanation of this
particularly simple behavior may lead to an understand-
ing of the transport properties in the high-T, compounds.
One possibility for the explanation is that the electron-
photon interaction is particularly strong for some car-
riers, leading to a temperature dependence related to the
electron-phonon effects already seen in metallic glasses
and some conventional superconductors. A fit to such a
model would require that the unenhanced thermopower
shows only a weak variation with hole concentration,
while the net electron-phonon effect (summed over
different thermopower contributions) falls as holes are
added to the compound. A complex model involving
contributions of different sign from different parts of the
Fermi surface would be needed to give this behavior.
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