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Electrical conductivity and thermoelectric power~TEP! of the as-quenched and annealed~at 500 °C for 10
h and 840 °C for 24 h! Bi 42nPbnSr3Ca3Cu4Ox (x 5 0–1.0! glasses have been measured. The dc conduc-
tivity data of the as-quenched and the partially annealed~at 500 °C! glasses can be explained by considering
the small-polaron hopping conduction mechanism which is found to change from the nonadiabatic to the
adiabatic regime with annealing the glasses at 500 °C. This change over is due to the presence of microcrystals
in the partially annealed glasses as observed from x-ray-diffraction and scanning electron microscopic studies.
This adiabatic behavior is also visualized even for some as-quenched glasses having a very small amount of the
more conducting microcrystalline phase. All the 840 °C annealed glasses are superconductors withTc between
110 and 115 K. The Seebeck coefficient (S) of the partially annealed glass system is found to be positive and
increases linearly with temperature. TheS values of the corresponding glass-ceramic superconductors showing
broad peaks aroundTc . A change over in the values ofS from positive~below;290 K! to negative~above
;290 K! indicates the coexistence of both electrons and holes in these superconductors. The TEP data can be
fitted with both the two-band model of Forroet al. @Solid State Commun.73, 501~1990!# and the Nagaosa-Lee
model @Phys. Rev. Lett.64, 2450 ~1990!#. Therefore, the bosonic contribution in the transport properties of
these superconductors, as suggested by the Nagaosa-Lee model, is supported.

I. INTRODUCTION

The glassy precursors for high-Tc superconductors like
Bi 42nPbnSr3Ca3Cu4Ox are very interesting because of sev-
eral reasons. There is immense possibility of making super-
conducting wire/tapes, and thick films1–3 for technological
applications. Therefore, elaborate investigations of various
physical properties of these special type of glassy and corre-
sponding glass-ceramic~GC! phases are important. Among
the possible coexisting phases in the Bi-Sr-Ca-Cu-O
systems,4,5 the 80 K phase forms more easily. This phase is
also thermodynamically more stable. Partial substitution of
Bi by Pb enhances the preparation of the nearly single phase
~2223! superconductor (Tc;110 K!.6,7 Endoet al.8 proposed
that Pb12 substituted for Bi13 as well as Sr defects act as
hole donors. Since the valency of Pb is12 and that of Bi is
13, one Pb atom can dope a hole to the system. Study of
thermoelectric power of this system would be important to
find the nature of the carriers~holes or electrons!. As the
Pb-doped~2223! phase has the high-Tc value (;115 K!, it is
interesting to process this phase via controlled crystallization
of the corresponding glassy precursor phase.

Recently, several investigations of the superconducting
behavior of the Pb-doped Bi-Sr-Ca-Cu-O system have been
made.9,10 But the comparative study of the semiconducting
properties of the as-quenched and the corresponding partially
annealed~with the appearance of micro crystals! glassy sys-
tems have not been made so far. Here it is interesting to point
out that the appearance of microcrystals~more conducting
crystalline phases! in the as-quenched glass~by partial an-
nealing or produced during glass formation! changes the
hopping conduction mechanism~nonadiabatic to adiabatic!
along with other behavior. Furthermore, very little or no re-

port has been made so far on the detailed thermoelectric
powers of these glassy precursors and those of the corre-
sponding glass-ceramic~GC! superconductors,

The purpose of the present paper is to study the
effect of annealing time and temperature on the electrical
conductivity and thermoelectric power~TEP! of the
Bi 42nPbnSr3Ca3Cu4Ox (0.1<n<1.0) glasses which are
very good precursors of high-Tc superconductors. The
Bi4Sr3Ca3Cu4Ox or ~4334! system has been chosen as the
mother glassy phase because it is easily converted11 to single
phase Bi2Sr2Ca1Cu2Oy or @2212# superconductor. Further-
more, transport properties of Li-doped Bi4Sr3Ca3Cu4Ox
glassy system have also been elaborately studied earlier12,13

using small polaron hopping conduction mechanism. How-
ever, there is still a controversy over the true mechanism
~adiabatic or nonadiabatic! of conduction in the glassy pre-
cursors of high-Tc superconductors. While the nonadiabatic
small polaron hopping conduction mechanism is found to be
valid for the Li-doped ~4334! glasses.12 Singh and
Zacharias14 argued that the polaron hopping mechanism is in
the adiabatic regime in such glassy semiconductors. There-
fore, the semiconducting behavior of the as-quenched Pb-
doped Bi4Sr3Ca3Cu4Ox ~4334! glasses, behaving similarly
to those of the corresponding Li-doped glasses,12,15 has also
been studied. From the present investigation, it would be
visualized how the model parameters like Debye tempera-
ture, phonon frequency, conduction mechanism~nonadia-
batic to adiabatic! and microstructure change in the Pb-
doped~4334! glasses due to annealing.

Since the theoretical analysis of the experimental dc con-
ductivity of the as-quenched Pb-doped~4334! glasses can be
made similarly to that of the Li-doped~4334! glasses12 ~here-
after referred to as Ref. 1!, we shall only briefly discuss the
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results on dc conductivity data of the present as-quenched
glasses for comparison with those of the partially annealed
semiconducting glasses.

In Sec. II sample preparation and different techniques
used have been discussed in short. Section III deals with the
microstructural properties of the glasses and glass ceramics.
Analysis of the dc conductivity data of the as-quenched, par-
tially annealed glasses and the corresponding superconduct-
ing glass ceramics have also been made in this section. The
thermoelectric power data of the glassy semiconductors and
the corresponding glass-ceramic superconductors have been
discussed in Sec. IV. The paper ends with a brief summary
and conclusion in Sec. V.

II. EXPERIMENT

The Bi42nPbnSr3Ca3Cu4Ox (n50.1, 0.5, 1.0! glasses
are prepared by rapid quenching technique discussed
earlier15–17 and the glass samples thus prepared are divided
into two batches. The first batch of the samples are annealed
at 500 °C for 10 h. These samples are denoted by Pb1A,
Pb2A, and Pb3A for n50.1, 0.5, and 1.0, respectively. The
second batch of the samples are heated at 840 °C for 24 h
and then furnace cooled. These samples are termed as Pb1S,
Pb2S, and Pb3S for n50.1, 0.5, and 1.0, respectively. On
annealing at these two temperatures in air, these glassy
samples become partially~PbA-type! and completely~PbS-
type! oxygenated and crystalline~also called glass ceramics!.
The total copper ion concentrations of the samples were de-
termined from atomic absorption and the values of Cu21

concentration were determined by chemical analysis as dis-
cussed earlier@Ref. 1#. The glass transition temperature
(Tg) determined by thermal analysis and the results of infra-
red ~IR! spectra showing the presence of BiO3 and BiO6
pyramidal and octahedral units have already been reported.16

Some important parameters of the glasses are shown in Table
I for comparison.

Both the as-quenched and the annealed systems are char-
acterized by x-ray powder diffraction~Philips, Model PW
1710! and scanning electron micrographs~Model 425A!, Hi-
tachi, Japan!. The dc conductivity (sdc) and thermoelectric
power ~TEP! measurements were performed on all the
samples with different Pb concentrations. The dc conductiv-
ity of the glassy samples was measured by two point method,
whereas that of the conducting crystallized samples was
measured by standard four probe technique using the APD
cryocooler ~Model: HC-2D! with helium refrigerating sys-
tem and temperature controller. Conductivity measurements
were made in the Ohmic region as tested from the study of
the I-V curves. The dc conductivity of the same glass
samples in different runs agreed within 2–3 % and samples
of the same composition from different batches gave agree-
ment within 5% for room temperature measurements. The
temperature was measured with a nanovoltmeter~Keithley
181! with an accuracy of60.5 K ~or better!. The TEP values
of the glasses and glass-ceramic samples (103431 mm3)
were also measured with the use of the APD cryocooler and
Keithley nanovoltmeter~Model 181!. A temperature differ-
ence of 2–4 degrees was maintained between the two paral-
lel surfaces of the samples under investigation.

III. RESULTS AND DISCUSSIONS

A. Structural properties of the glasses and glass ceramics

The XRD patterns of the as-quenched glasses shown in
Fig. 1 indicate glassy behavior. Figure 2 shows the XRD
patterns of the partially annealed (500 °C for 10 h! Pb1A,
Pb2A, and Pb3A samples and the corresponding XRD pat-
terns of the Pb1S, Pb2S, and Pb3S glass ceramics~annealed
at 840 °C for 24 h! are shown in Fig. 3. The appear-
ance of sharp peaks in Fig. 3 is due to the formation of
crystalline phases. The identified crystalline peaks in the
partially annealed samples~Fig. 2! are found to be of
Cu2O, Ca2PbO4, Bi 2O3 , PbO, and Bi-2201, Bi-2212, Bi-

TABLE I. Value of different parameters of the as-quenched
Bi 42nPbnSr3Ca3Cu4Ox glasses.

Parameters Pb1(n50.1) Pb2 (n50.5) Pb3 (n51.0)

Tg(°C! a 40065 39065 38565

C5
Cu11

Cutot

0.78 0.78 0.78

Density 7.001 6.901 6.760
~gm/cc!
N(1019 cm23) 2.72 0.63 4.00
R ~Å! 4.61 4.69 4.72
r p ~Å! 1.88 1.89 1.90
uD ~K! 420 412 408
nph 8.75 8.58 8.50
(1012 Hz!
N(EF) 9.75 9.64 9.47
(1021 eV21 cm23)
a ~Å21) b 0.341 0.384 0.383
a ~Å21) c 0.407 0.250 0.464
W ~eV! 0.512 0.580 0.443
~at 300 K!
WH ~eV! 0.295 0.296 0.295
g 14.261 14.342 14.258

aObtained from the differential thermal analysis~DTA!.
bObtained from Eq.~1!.
cObtained from Greaves’ model@Eq. ~4!#.

FIG. 1. X-ray-diffraction pattern of Bi42nPbnSr3Ca3Ca4Ox as-
quenched glasses:~a! n50.1, ~b! n50.5, and~c! n51.0.
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2223 phases. There are also some unidentified peaks~indi-
cated by cross marks! in Fig. 2. However, after final heating
at 840 °C ~for 24 h! the samples become superconductors
having mostly superconducting 2212 and 2223 phases along
with traces of Ca2PbO4 phase. At this annealing temperature
the additional phases formed in the samples during the par-
tial heating at 500 °C disappear. Similar crystallization kinet-
ics of this type of glasses was also discussed in a recent
review by Bansal.18 The XRD pattern of the glass-ceramic
samples~Fig. 3! annealed at 840 °C for 24 h~which are
superconducting as discussed below! can be fitted with the
pseudotetragonal structure. The lattice parameters thus ob-
tained for the Pb1S, Pb2S, and Pb3S superconducting
samples are given in Table II. These values of the lattice
constants agree quite well with the reported values19 of the
corresponding superconducting samples.

The scanning electron micrographs~SEM! of a typical
as-quenched glass sample~viz. Bi 3.5Pb0.5Sr3Ca3Cu4Ox)
and the corresponding glass ceramics are shown in Fig. 4.

Other samples also show identical features. The glass
samples annealed at 500 °C for 10 h display@Fig. 4~b!# fea-
tures of 3–10mm in size. The homogeneously distributed
particulate feature of the crystallites seen in the samples an-
nealed at 500 °C is considered to arise from copious nucle-

FIG. 2. X-ray-diffraction pattern of Bi42nPbnSr3Ca3Cu4Ox

glass ceramics annealed at 500 °C for 10 h:~a! Pb1A (n50.1), ~b!
Pb2A ~n50.2!, and~c! Pb3A (n51.0).

FIG. 3. X-ray-diffraction pattern of Bi42nPbnSr3Ca3Cu4Ox

glass-ceramic superconductors~glasses annealed at 840 °C for 24
h!: ~a! Pb1S (n50.1), ~b! Pb2S (n50.5), and~c! Pb3S ~n51.0!.

TABLE II. Values of the lattice constants~fitted with tetragonal
structure! and superconducting transition temperaturesTc0 ~zero re-
sistance temperature! of superconducting glass ceramics~the
Bi42nPbnSr3Ca3Cu4Ox glasses annealed at 840 °C for 24 h!.

Lattice constants~Å!

Superconducting 2212 phase 2223 phase
glass ceramics a c a c Tc0 ~K!

Pb1S 5.4142 30.7460 5.3247 37.7047 72
Pb2S 5.4067 30.7333 5.6455 37.0199 73
Pb3S 5.3949 30.5793 5.7127 37.5441 78
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ation in the phase separated microstructures of the as-
quenched glasses. The glass ceramics annealed at 840 °C,
however, show pure crystalline structure@Fig. 4~c!#.

B. Electrical conductivities of as-quenched glasses

The thermal variation ofsdc of the Pb-doped~4334!
glasses are almost similar to those of the Li-doped~4334!
glasses discussed earlier@Ref. 1#. Variation of dc conductiv-
ity (sdc) as a function of inverse temperature andsdcT

1/2 as
a function ofT21/4 are shown, respectively, in Figs. 5 and 6.

These data can be analyzed with nearest-neighbor hopping of
small polarons, proposed by Mott20,21 ~for the region ofT
.uD/2, uD being the Debye temperature! and Greaves’ vari-
able range hopping22 ~for T,uD/2) as discussed below. The
expression for the dc conductivity (sdc) as proposed by
Mott20,21 can be written as~for T.uD/2)

sdc5@nphNe
2R2C~12C!exp~22Ra!exp~2W/kBT!#/kBT,

~1!

whereN, nph, a21, R, W, and C, are, respectively, the
number of transition metal~Cu! ion per unit volume, the
optical phonon frequency, localization length of thes-like
wave function assumed to describe the localized states at
each transition metal~Cu! ion site, average intersite separa-
tion, activation energy for the hopping conduction and the
ratio of the transition metal~TM! ion concentration in the
low valence states to the total TM ion concentrations. In Eq.
~1! kB andT are Boltzmann constant and absolute tempera-
ture, respectively. Assuming a strong electron-phonon
coupling23 the activation energyW is given by

FIG. 4. Scanning electron micrographs of
Bi42nPbnSr3Ca3Cu4Ox ~for n50.5) for as-quenched glass~a!, the
glass-ceramic annealed at 500 °C for 10 h~Pb2A! ~b!, and the
superconducting glass-ceramic annealed at 840 °C for 24 h~Pb2S!
~c!. @Scale:~a! 23 mm5 120mm, ~b! 20 mm5 20mm, and~c! 20
mm 5 10 mm.#

FIG. 5. The logarithm of dc conductivity of the as-quenched
Bi 42nPbnSr3Ca3Cu4Ox ~for n50.1, 0.5, 1.0! glasses as a function
of T21.

FIG. 6. The variation of log10(sdcT
1/2) with T21/4 of the as-

quenched Bi42nPbnSr3Ca3Cu4Ox glasses.
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W5WH1WD/2 ~for T.uD/2!5WD ~ for T,uD/4!,
~2!

whereWH andWD are, respectively, the polaron hopping
energy and disorder energy arising from the variation of local
arrangements of the ions, anduD , defined byhnph5kBuD ,
is the characteristic Debye temperature. In the adiabatic
limit, the overlap integralI5exp(22aR) in Eq. ~1! reduces
to unity.

Schnakenberg24 also showed theoretically that in amor-
phous solids, forT,uD/2 the contribution tosdc comes pre-
dominantly from acoustic phonon, while forT.uD/2, the
main contribution tosdc is the phonon assisted conductivity
and hence the temperature dependence of conductivity is dif-
ferent in the temperature ranges on either side ofTk;uD/2.
Schnakenberg model predicts a sharp decrease in activation
energy with decrease in temperature atTk . The temperature
dependent conductivity in this model has the form

sdc5s0T
21@sinh~hnph!#

1/2exp@2~4WH /hnph!

3tanh~hnphb/4!#exp~2WDb!, ~3!

where s0 is a temperature independent parameter and
b51/kBT.

The experimental conductivity data above a typical char-
acteristic temperatureTk ~say! ;250 K ~where nonlinearity
is observed in Fig. 5! are fitted with Eq.~1!. The experimen-
tal conductivity data are fitted by least squares method simi-
lar to our earlier work@Ref. 1# and the best fit parameters are
shown in Table I. The phonon frequencynph are obtained
from the infrared data.25 The value ofC is estimated from
magnetic susceptibility and atomic absorption@Ref. 1#. The
values ofa shown in Table I are reasonable for localized
states and indicate strong localization as in the case of Li-
doped~4334! glasses and many other transition metal oxide
~TMO! glasses as discussed in Ref. 1. An estimation of po-
laron radiusr p which is related26 to WH (WH54e2/epr p)
has also been made for all the glasses and are shown in Table
I. The effective dielectric constantep is obtained from di-
electric constant data.15,16 The estimated values ofr p ~as
shown in Table I! also suggest that the polarons are highly
localized in the undoped and Pb-doped Bi4Sr3Ca3Cu4Ox
glasses.

At sufficiently low temperatures where the polaron bind-
ing energy is small and static disorder energy of the glass
plays a dominant role in the conduction process, Mott’s
T21/4 analysis for the variable range hopping~VRH! can, in
general, be applied for the TMO glasses. But for the Pb-
doped glasses, sufficient data at low temperature is not avail-
able due to experimental limitations and very high resistivity
of the samples which is also found to be true for Li-doped
Bi 4Sr3Ca3Cu4Ox glasses@Ref. 1#. An attempt to verify the
applicability of this law gives unacceptably large values of
a andWD .

At the intermediate temperature region Greaves22 sug-
gested a variable range hopping conduction and derived an
expression for the conductivity as

sdcT
1/25A exp~2B/T1/4!, ~4!

whereA andB are constants andB52.1@a3/kBN(EF)#
1/4,

N(EF) is the density of states at the Fermi level.N(EF)

values~shown in Table I! are obtained from the ac conduc-
tivity data of these glasses.15,25 In Fig. 6 ~continuous line!,
the experimental conductivity data in the low temperature
region are fitted with Greaves’ VRH model@Eq. ~4!#. The
values ofa estimated from the best fit are also reasonable for
localized states27 and are consistent with the values obtained
by the fitting of the conductivity data with Eq.~1! ~as shown
in Table I!. Similar values ofa are also obtained for the
Li-doped Bi4Sr3Ca3Cu4Ox glasses and other TMO
glasses.12,15

The experimental data has also been fitted with Schnaken-
berg model@Eq. ~3!# as shown in Fig. 7. The best fit param-
eters are shown in Table III.WH is almost same for all the
as-quenched glasses, but it is different from the values ob-
tained by the fitting with Mott’s model~Table I!. The values
of WD decreases with increase of Pb concentration in the
~4334! glasses.

The hopping mechanism~adiabatic or nonadiabatic! of
these glasses could be suggested28 by plotting log10(sdc) vs
W at a fixed temperatures. The temperatureTe ~say!, esti-

FIG. 7. Theoretical fitting of the dc-conductivity data with Eq.
~3! of the as-quenched Bi42nPbnSr3Ca3Cu4Ox glasses: ~a!
n50.5, ~b! n51.0, and~c! n50.1.

TABLE III. Best fit parameters obtained from Schnakenberg’s
conductivity equation @Eq. ~3!# for the as-quenched
Bi 42nPbnSr3Ca3Cu4Ox glasses withn50.1 ~Pb1!, n50.5 ~Pb2!,
andn51.0 ~Pb3!.

Glasses nph ~Hz! WH ~eV! WD ~eV!

Pb1 2.031012 0.468 0.050
Pb2 3.931012 0.513 0.012
Pb3 5.231012 0.513 0.009
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mated from the slope of such a plot would be close to the
experimental temperature when the hopping is considered to
be in adiabatic regime. On the other hand,Te would be very
different from experimental temperature if the hopping is
considered to be in the nonadiabatic regime. Such a plot for
two fixed temperature (T5300 and 410 K! is shown in Fig.
8 and the correspondingTe values estimated~1270 and 883
K, respectively! are very much different from experimental
temperatures in the Pb-doped~4334! glasses. Thus the hop-
ping mechanism of these as-quenched glasses is in the nona-
diabatic regime as in the case of Li-doped Bi4Sr3Ca3Cu
4Ox glasses.

12,15The nonadiabatic hopping is also supported
from the validity of Emil-Holstein relation.29 According to
this relation the polaron bandwidthJ satisfies the inequality

J
:

~2kBTWH /p!1/4~hnph/p!1/2, ~5!

where the signs. and, are for adiabatic and nonadiabatic
hopping, respectively. The values of (2kBTWH /
p)1/4(hnph/p)

1/2 vary from 0.0279 to 0.0284 at 300 K for all
the concentrations. The values ofJ estimated independently
from J'\e3@N(EF)/ep

3#1/2, are of the order of 0.022 eV.
Thus, in Pb-doped glassesJ^(2kBTWH /p)

1/4(hn ph/p)
1/2

which suggests that the nearest-neighbor hopping mecha-
nism occurs in the nonadiabatic regime. This behavior is also
similar to the Li-doped Bi4Sr3Ca3Cu4Ox glasses reported
earlier @Ref. 1#.

C. Electrical conductivity of partially annealed glasses
and glass-ceramic superconductors

The dc conductivity data of the corresponding
partially annealed ~annealed at 500 °C for 10 h!
Bi 42nPbnSr3Ca3Cu4Ox (n50.1, 0.5, 1.0! glasses also
showing semiconducting behavior~Fig. 9! can also be simi-
larly analyzed by using the polaron hopping conduction
mechanism. However, in this case, as discussed below, the
nature of the polaron hopping conduction mechanism
changes from nonadiabatic regime to adiabatic regime.

The semiconducting character of these samples is clearly
observed from the temperature dependence of conductivity

data plotted in Fig. 9~a!. The Debye temperatureuD , esti-
mated from the temperature where nonlinearity begins, var-
ies from 465 to 488 K with Pb concentration~Table IV! and
these uD values for these partially annealed glasses are
greater than those of the as-quenched glasses~Table I!. These
values ofuD ~465–488 K! also supports the theoretical value
of the superconducting Bi-Pb-Sr-Ca-Cu-O system.30,31 But
the Debye temperature shows opposite behaviors with in-
creasing Pb concentration in as-quenched glasses~Table I!
and in the partially annealed glass ceramics~Table IV!, re-
spectively. For the first caseuD is decreasing with the in-
crease of Pb concentration while for the second case it is
increasing with increase of Pb content. Actually the proce-
dure used in evaluatinguD is not usual and quite rough. So
this strange result might be due to the rough evaluation of
uD in the partially annealed glass ceramics. Moreover, the
multiple phases characterizing the annealed samples~ob-
served from XRD pattern in Fig. 2! make the use of the
appropriate techniques~ultrasounds and infrared spectros-
copy! quite difficult for determining the correct values of
uD . Therefore the corresponding values ofuD must be con-
sidered only in the light of the order of magnitude. The char-
acteristic phonon frequencynph(5kBuD /h) also changes

FIG. 8. The logarithm of dc conductivity of the as-quenched
glasses as a function ofW ~activation energy!, obtained from Fig. 5,
at two fixed temperatures~300 and 410 K!. The estimated tempera-
ture from slopes of these two curves are 1270 and 880 K, respec-
tively.

FIG. 9. ~a! The logarithm of dc conductivity of the partially
annealed~at 500 °C for 10 h! Bi 42nPbnSr3Ca3Cu4Ox glass ceram-
ics as a function ofT21 with n50.1 (h), 0.5 (d), and 1.0
(s). ~b! The logarithm of the low-temperature (T,125 K! con-
ductivity of the partially annealed at 500 °C for 10 h!
Bi42nPbnSr3Ca3Cu4Ox @for Pb1A (n50.1) (3), Pb2A
(n50.5) (s), and Pb3A (n51.0) (d)] glass ceramics as a
function ofT21/4.
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with the increase of Pb as shown in Table IV~corresponding
values for the as-quenched glasses as shown in Table I!.

The dc conductivity of the partially annealed samples, viz.
Pb1A, Pb2A, and Pb3A, in the low temperature region (T
,125 K! can be fitted with the equation23

sdc5A exp~2B/Tn!. ~6!

The value of the exponentn determines the nature of the
conduction mechanism in the semiconducting region of the
sample.A andB in Eq. ~6! are constants and

B52.1@a3/kBN~EF!#1/4. ~7!

Experimental conductivity data are fitted with Eq.~6! using
least squares method. The results are presented in Fig. 9~b!.
Below 125 K (,uD/2), the resistivity of the samples may be
well described by the relation~6! with n51/4. This suggests
that the conduction in the low temperature region is gov-
erned by a three dimensional variable range hopping
mechanism.23

The N(EF) values of these partially annealed glass ce-
ramics have been calculated from the corresponding ac con-
ductivity measurement as in the case of as-quenched glasses.
Table IV shows that these values ofN(EF) lie between
1021–1022 eV21 cm23. These values ofN(EF) of the par-
tially annealed glass ceramics also agree quite well with
those obtained from the superconducting Bi-2212 system.3

As mentioned above, the hopping conduction mechanism
in all the partially annealed glasses changes to the adiabatic
regime. From the plot of log10(sdc) vsW ~Fig. 10!, the es-
timated temperaturesTe ~as in the case of as-quenched glass
samples; Fig. 8! are 304 and 222 K which are very close to
the corresponding experimental temperatures, viz. 300 and
220 K, respectively. This suggests28 that the hopping mecha-
nism is in the adiabatic regime. The Holstein condition29 for
adiabatic hopping@Eq. ~5!# is also satisfied for these partially
annealed glassy precursors. The values ofa estimated from

Eq. ~7! using the values ofN(EF) from Table IV are found to
be very small and almost constant. These low values ofa
~Table IV! also support the adiabatic hopping mechanism.
Therefore, a change over in hopping mechanism from nona-
diabatic to adiabatic regime takes place when the as-
quenched glasses are annealed at 500 °C for 10 h~similar
behavior is also found for these glasses annealed at 300°C
for 24 h or more!. Therefore, nonadiabatic hopping mecha-
nism is true for the pure glassy precursors for high-Tc super-
conductors which is in contrast to the observation of Singh
and Zacharias.14 The adiabatic hopping conduction is ob-
served, due to the presence of more conducting microcrystals
in these partially annealed glasses. It is important to mention
here that these more conducting microcrystalline clusters
might even form in the glass at the time of preparation which
changes the conduction mechanism along with other proper-
ties.

Assuming the high temperature activation energyW to be
close to the hopping energyWH @Ref. 23#, we can roughly
estimate the electron-phonon coupling strength
g5Wp /kBuD , whereWP is the polaron binding energy and
equal to 2WH . Activation energyW calculated from Fig.
9~a! ~plot of lns vs 1000/T) for a typical Pb1A sample, at
room temperature, is about 0.11 eV. The electron-phonon
coupling constantg, calculated with this value ofW, is 5.49.
The values ofg decrease with increase of annealing time of
the samples~Tables I and IV!.

To get the idea about the size of polaron we use the
formula26 which has been used in the case of as-quenched
glasses. For the Pb2A glass ceramic the radius of the polaron
is estimated to be;2 Å. We have also evaluated all these
parameters for the as-quenched unannealed glasses~Table I!.
The values ofr p for the as-quenched and the partially an-
nealed ~at 500 °C for 10 h! glasses remain almost same
~Tables I and IV!. We have also tried to fit the dc conductiv-
ity data of the partially annealed PbA sample with the
Schnakenberg model@Eq. ~3!#, but the fitting parameters ob-
tained are not feasible.

Figure 11 shows the temperature dependences of the re-
sistivity for the Bi42nPbnSr3Ca3Cu4Ox (n50.1, 0.5, 1.0!
glass ceramic~heat treated at 840 °C for 24 h!. All these
samples show metallic behavior above the superconducting
transition temperatureTc , varying from 110 to 115 K. The

TABLE IV. Values of different parameters of the annealed glass
ceramics~the Bi42nPbnSr3Ca3Cu4Ox glasses annealed at 500 °C
for 10 h.

Pb1A Pb2A Pb3A
Parameters (n50.1) (n50.5) (n51.0)

Density 6.939 6.722 6.776
~gm/cc!
N 9.63 9.39 9.49
(1021 cm23)
R ~Å! 4.704 4.739 4.723
r p ~Å! 1.88 1.91 1.90
uD ~K! 465 476 488
nph 9.70 993 10.18
(1012 Hz!
N(EF)

a

3.50 4.80 5.10
(1021 eV21 cm23)
a ~Å21) 0.018 0.019 0.019
W ~eV! 0.11 0.095 0.036
~at 300 K!
g 5.49 4.68 1.71

FIG. 10. The logarithm of the dc conductivity of the PbA-type
samples as a function ofW, at two fixed temperatures~at 220 and
300 K!. The estimated temperatures from the slopes of these two
curves are 222 and 304 K, respectively.
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correspondingTc0 ~zero resistance temperature! values are
72, 73, and 78 K, respectively, forn50.1, 0.5, and 1.0.

D. Thermoelectric power

Thermoelectric power of all the Pb-doped as-quenched
glassy semiconductors is found to be positive indicating
holes are the carriers, which is due to donation of holes by
the Pb ions. However, because of large resistances of the
samples reliable TEP data of the glasses cannot be obtained.
The thermal variation of TEP data of the partially annealed
PBA glasses can be measured and are shown in Fig. 12. As
observed from this figure, the TEP values increase with in-
crease of temperature unlike many semiconducting oxide
glasses where, as suggested by Heikes’ model32 thermoelec-
tric powerS5k/e@ ln(c/(12c))1a#, wherea is a constant,
is almost temperature independent.

It is interesting to note that the temperature dependent
TEP is drastically changed for the glass-ceramic supercon-
ductors~Fig. 13!. Here, for all such samples, the temperature
dependent TEP values are negative around 300 K and the
sign changes from negative to positive around 290 K. As
temperature decreases, theS increases exhibiting a peak
around 115 K (;Tc) and then suddenly drops to zero at 72,
73, and 78 K~the zero resistance temperature,Tc0) for the
Pb1S, Pb2S, and Pb3S samples, respectively. This behavior
is consistent with the fact that in the superconducting state,
theS becomes zero. The variation ofS above 120 K of these
samples is very similar to that obtained33 for the doped
La-Sr-Cu-O.

It has been suggested34 that the Hubbard model well de-
scribes the basic physics of these high-Tc materials. For large
on-site repulsion, the TEP for a Hubbard model~in the high
temperature limit! is given by

S52~k/ueu!ln22~k/ueu!ln~p/12p!. ~8!

Entropy considerations lead to this formula withp equal to
the ratio of Cu31 to the Cut , if the conduction process in-
volves hoppingd electrons and/or holes from one Cu21 to a
Cu31 ion. The ln2 term appears from the spin degree of
freedom and would be absent if Cu21 ions are magnetically

ordered. On the other hand, if Cu21 ions are not ordered and
have twofold orbital degeneracy~which occurs for strictly
octahedral symmetry! there would be an extra ln2 term from
the orbital degrees of freedom. The magnetic ordering is ab-
sent in this system35 and, therefore, the modified expression
for TEP is

S52~2k/ueu!ln22~2k/ueu!ln~p/12p!. ~9!

At room temperature for our Pb1S superconducting, sample,
the hole concentration is 0.198 per Cu ion. For Pb2S and
Pb3S the values of hole concentration are almost same
(;0.199 per cu ion!. The values are slightly greater than the
results obtained by Tarasconet al.35 where, for the undoped
Bi 4Sr3Ca3Cu4Ox ~4334! ceramic superconductor, they
found a hole concentration of 0.15 per Cu ion by TGA and
titration experiments. This increase in hole concentration per
Cu ion, in the present system, is simply due to doping of Pb
as it acts as a hole donor.

We have also fitted the TEP data of our superconducting
samples using the expression

S5@AT/~B21T2!#1a8T, ~10!

FIG. 11. Thermal variation of the resistivity of the supercon-
ducting Bi42nPbnSr3Ca3Cu4Ox glass ceramics@with n50.1
~Pb1S) ~h!, 0.5 ~Pb2S) (d), and 1.0~Pb3S) (s) annealed at
840 °C for 24 h.

FIG. 12. Thermal variation of the thermoelectric power (S) of
~a! Pb1A (d), ~b! Pb2A (h), and~c! Pb3A (s).
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which has been used by Forroet al.,36 where the second term
is the normal band contribution. The first term, as proposed
by Gottwick et al.37 for the analysis of the TEP data of
CeNix samples, is obtained by assuming superposition of
broad band and a localized band with a peak position ate0
and widthG. The constantsA andB are given by

A52~e02eF!/ueu and B25@~e02eF!21G2#/p2kB
2 ,

~11!

where eF is the Fermi energy. The TEP results of our
samples fitted to Eq.~10! in the temperature range of 110–
300 K are shown in Fig. 13. The best fit parametersA, B,
and a8 are given in Table V along with the values of
(e02eF) andG. For all the samplesa8 is found to be nega-
tive and nearly the same. However, with the increase of Pb
concentration, (e02eF) decreases butG increases systemati-
cally.

The TEP results of the glass ceramics which become su-
perconductors after annealing at 840 °C for 24 h have also
been fitted with the Nagaosa-Lee model38 which is actually a
modification of the model proposed by Ikagawaet al.39

Nagaosa and Lee proposed that for a superconducting cu-
prate, there are two contributions in the TEP, one coming
from bosons (SB) and another from fermions
(SF):S5SB1SF with, SB5(kB /e)@12 ln(2pp/mkBT)#
andSqF52@kB /e#kBT/eF , wherep is the concentration of
holes per~Cu-O! bond andm is the mass of the bosonic
carrier.

To fit the TEP results of some superconducting as well as
nonsuperconducting compounds, Ikegawaet al.modified the
above equation in the following form:

S5kB /e@12F ln~2ppG/T!2T/H#, ~12!

where,F, G, andH are the fitting parameters.
The thermoelectric power of the superconducting samples

can also be well fitted, like Eq.~10!, to Eq.~12!. The best fit
curves obtained with Eqs.~10! and~12! are almost similar as
shown in Fig. 13@for the best fit with Eq.~10!#. The corre-
sponding fitting parameters, viz.F, G, and H, are also
shown in Table V.

IV. SUMMARY AND CONCLUSIONS

The Bi42nPbnSr3Ca3Cu4Ox glass ceramics annealed at
500 °C for 10 h remain semiconductor similar to the corre-
sponding as-quenched glasses. Small polaron hopping con-
duction mechanism is valid for all these samples. However, a
change over from the nonadiabatic small polaron hopping
conduction mechanism to the adiabatic hopping conduction
mechanism takes place with increase of annealing time and
temperature~for instances at 500 °C for 10 h and at
300 °C for 24 h!. This is due to the formation of microcrys-
tals in these annealed glasses as observed from XRD patterns
and SEM studies. It is important to note that such microcrys-
tals might also form even in the as-quenched glasses~de-
pending on quenching rate, etc.! and as a consequence such
glasses would show the adiabatic hopping mechanism in-
stead of the nonadiabatic hopping mechanism as observed by
Singh and Zacharias14 and Som and Chaudhuri.17 It is further
observed that the semiconducting behavior of the as-
quenched and the partially annealed glasses, at low tempera-
ture, follow the variable range hopping conduction mecha-
nism. The values of the density of statesN(EF) also increase
with annealing time. The thermal variation of thermoelectric
power indicates that the Pb-doped Bi-Sr-Ca-Cu-O glasses
and the corresponding glass ceramics arep-type semicon-
ductors.

All the Pb-doped glasses of our present investigation be-
come superconducting after annealing at 840 °C for 24 h.
The positive TEP values of these superconductors again in-
dicate that the Pb-Bi-Sr-Ca-Cu-O type glass ceramics are

FIG. 13. The thermal variation of the thermoelectric power (S)
of the superconducting Bi42nPbnSr3Ca3Cu4Ox glass ceramics an-
nealed at 840 °C for 24 h:~a! n50.1 ~Pb1S) (s), n50.5
~Pb2S) (d), and ~b! n51.0 ~Pb3S) (s). The dotted line repre-
sent the best fit curve with Eq.~10!. The same best fit curve is
obtained with Eq.~12!.

TABLE V. Best fit parametersA, B, anda8 of Eq. ~3! andF,
G, andH of Eq. ~4! and (e02eF), G values determined fromA and
B of the superconducting glass ceramics obtained by annealing the
Bi 42nPbnSr3Ca3Cu4Ox glasses at 840 °C for 24 h.

Value Pb1S Pb2S Pb3S
of (n50.1) (n50.5) (n51.0)

A(mV! 1880 1840 1800
B ~K! 112 124 127
a8(mV/K 2) 20.023 20.018 20.018
(e02eF) ~K! 10.9036 10.6716 10.4396
G ~K! 202.853 224.658 230.116
F 0.0629 0.0637 0.0638
G ~K! 5.953107 5.953107 6.003107

H ~K! 1.333103 1.483103 1.4783103
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hole-type superconductors. It has also been found that the
thermoelectric power of the superconducting glass ceramics
varies systematically with the carrier concentrations~the car-
rier concentration is changed by substituting Pb at the Bi
site!. The zero value of the TEP at temperatureTc0 is con-
sistent with the corresponding zero resistance temperature of
the glass-ceramic superconductor under investigation. The
negative value of TEP around 300 K indicates the presence
of both electrons and holes in the system. Similar coexist-
ence of holes and electrons has also been very recently
reported40 in the superconducting BaBi0.25Pb0.75O32d and
Ba0.74K 0.57Bio 32d oxides. Again since the Nagaosa-Lee
model considers bosonic carriers and also fit the TEP data,
the contribution of the bosons in the thermoelectric power
appears to be important.

Finally, since the semiconducting behavior of the glassy
and partially annealed Pb-doped system can be well ex-
plained by the small polaron hopping conduction mecha-
nism, one might argue that the superconductivity in the

present glass ceramics~and in other related systems! is bipo-
laronic in origin.41,42 These bipolarons ~or ‘‘spin
polarons’’41!, might be created~with lowering of tempera-
ture! from the small polarons already existing in the glassy
phase. Indeed, experimental evidence of polaron hopping has
been reported in a layer structure of superconducting
cuprates.43
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Grûner, Phys. Rev. B35, 8794~1987!.

34P. W. Anderson, Science235, 1196~1987!.
35J. M. Tarascon, Y. Le Page, P. Barboux, B. G. Bagles, L. H.

Green, W. R. Mckinnon, G. W. Hull, M. Giroud, and D. M.
Hwang, Phys. Rev. B37, 9382~1988!.

36L. Forro, J. Lukatela, and B. Keszei, Solid State Commun.73,
501 ~1990!.

37U. Gottwick, K. Gloos, S. Horn, F. Steglich, and N. Grewe, J.
Magn. Magn. Mater.47&48, 536 ~1985!.

38N. Nagaosa and P. A. Lee, Phys. Rev. Lett.64, 2450~1990!.
39S. Ikagawa, T. Wada, T. Yamashita, A. Ichinose, K. Matsuura, K.

Kubo, H. Ymanchi, and S. Tanaka, Phys. Rev. B43, 11 508
~1991!.

40T. Hashimoto and R. Hirasawa, T. Yoshida, Y. Yonemura, J. Mi-
zusaki, and H. Tagawa, Phys. Rev. B51, 576~1995!. M. Rekala,

53 5951TRANSPORT PROPERTIES OF Pb-DOPED Bi4Sr3Ca3Cu4Ox . . .



R. Ratay, A. Pajaezkauska, and B. Gegenheimer, Phys. Status
Solidi B 155, K123 ~1989!.

41N. F. Mott, J. Condens. Matter5, 3487~1993!.
42A. S. Alexandrov and N. F. Mott, Rep. Prog. Phys.57, 1197

~1994!; P. Prelovsek, T. M. Rice, and F. C. Zhang, J. Phys. C20,

L229 ~1987!.
43D. Mihailovic, C. M. Foster, K. Voss, and A. J. Heager, Phys.

Rev. B42, 7989~1990!; G. A. Samara, W. F. Hammeter, and E.
L. Venturini, Phys. Rev. B41, 8974~1990!.

5952 53CHATTERJEE, BANERJEE, MOLLAH, AND CHAUDHURI


