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Electrical conductivity and thermoelectric pow@iEP) of the as-quenched and annealati500 °C for 10
h and 840 °C for 24 hBi,_,Pb,Sr;Ca;Cu,0, (x = 0-1.0 glasses have been measured. The dc conduc-
tivity data of the as-quenched and the partially anne&¢d&00 °Q 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 superconductydetitreen
110 and 115 K. The Seebeck coefficies) (of the partially annealed glass system is found to be positive and
increases linearly with temperature. TA&alues of the corresponding glass-ceramic superconductors showing
broad peaks around,. A change over in the values & 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 Fored al.[Solid State Commur¥.3, 501(1990] and the Nagaosa-Lee
model [Phys. Rev. Lett64, 2450(1990]. Therefore, the bosonic contribution in the transport properties of
these superconductors, as suggested by the Nagaosa-Lee model, is supported.

I. INTRODUCTION port has been made so far on the detailed thermoelectric
powers of these glassy precursors and those of the corre-
The glassy precursors for highs superconductors like sponding glass-cerami{&C) superconductors,
Bi,_,Pb,Sr;Ca;Cu,0, are very interesting because of sev- The purpose of the present paper is to study the
eral reasons. There is immense possibility of making supereffect of annealing time and temperature on the electrical
conducting wire/tapes, and thick filli$ for technological ~conductivity and thermoelectric powefTEP) of the
applications. Therefore, elaborate investigations of variou8i4—,Pb,SrsCazCu,0O, (0.1=n<1.0) glasses which are
physical properties of these special type of glassy and correrery good precursors of highz superconductors. The
sponding glass-cerami&C) phases are important. Among Bi,Sr;CazCu,O, or (43349 system has been chosen as the
the possible coexisting phases in the Bi-Sr-Ca-Cu-Omother glassy phase because it is easily convErteasingle
systemg'® the 80 K phase forms more easily. This phase isphase BjSr,Ca; Cu,0, or [2212] superconductor. Further-
also thermodynamically more stable. Partial substitution ofnore, transport properties of Li-doped fir;Caz;Cu,0,
Bi by Pb enhances the preparation of the nearly single phagglassy system have also been elaborately studied éaffter
(2223 superconductorT,~ 110 K).%” Endoet al® proposed  using small polaron hopping conduction mechanism. How-
that Pb*? substituted for Bi 3 as well as Sr defects act as ever, there is still a controversy over the true mechanism
hole donors. Since the valency of Pb+® and that of Biis  (adiabatic or nonadiabajiof conduction in the glassy pre-
+3, one Pb atom can dope a hole to the system. Study afursors of high¥, superconductors. While the nonadiabatic
thermoelectric power of this system would be important tosmall polaron hopping conduction mechanism is found to be
find the nature of the carrieoles or electrons As the  valid for the Li-doped (4334 glasses? Singh and
Pb-doped2223 phase has the highi value (~115 K), itis  Zacharia® argued that the polaron hopping mechanism is in
interesting to process this phase via controlled crystallizatiothe adiabatic regime in such glassy semiconductors. There-
of the corresponding glassy precursor phase. fore, the semiconducting behavior of the as-quenched Pb-
Recently, several investigations of the superconductingloped Bi,Sr;CazCu,0, (4334 glasses, behaving similarly
behavior of the Pb-doped Bi-Sr-Ca-Cu-O system have beeto those of the corresponding Li-doped glas$eshas also
made®° But the comparative study of the semiconductingbeen studied. From the present investigation, it would be
properties of the as-quenched and the corresponding partialljisualized how the model parameters like Debye tempera-
annealedwith the appearance of micro crystatfassy sys- ture, phonon frequency, conduction mechanigmonadia-
tems have not been made so far. Here it is interesting to poiritatic to adiabatic and microstructure change in the Pb-
out that the appearance of microcrystéisore conducting doped(4334 glasses due to annealing.
crystalline phasesin the as-quenched glagby partial an- Since the theoretical analysis of the experimental dc con-
nealing or produced during glass formatiochanges the ductivity of the as-quenched Pb-dopetB34 glasses can be
hopping conduction mechanistnonadiabatic to adiabajic made similarly to that of the Li-dope@334) glasse¥ (here-
along with other behavior. Furthermore, very little or no re-after referred to as Ref.)lwe shall only briefly discuss the
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results on dc conductivity data of the present as-quenched TABLE I. Value of different parameters of the as-quenched

glasses for comparison with those of the partially anneale®i 4-nPb,Sr;CasCu,O glasses.

semiconducting glasses.

In Sec. Il sample preparation and different techniques arameters PbfE0.1) Pb2 =0.5) Pb3 (=1.0)
uged have been discus_sed in short. Section IIl deals with 'Fhﬁg(oc) a 400=5 3905 385+5
microstructural properties of the glasses and glass ceramics. ¢+ 0.78 0.78 0.78
Analysis of the dc conductivity data of the as-quenched, parC= Clig,
tially annealed glasses and the corresponding supercondudensity 7.001 6.901 6.760
ing glass ceramics have also been made in this section. Thgm/cg
thermoelectric power data of the glassy semiconductors anil(10™ cm™3) 2.72 0.63 4.00
the corresponding glass-ceramic superconductors have beBnA) 4.61 4.69 4.72
discussed in Sec. IV. The paper ends with a brief summary, (&) 1.88 1.89 1.90
and conclusion in Sec. V. 0p (K) 420 412 408

Von 8.75 8.58 8.50
(10* Hz)
Il. EXPERIMENT N(Eg) 9.75 9.64 9.47
, 107 ev-tem™3
The Bi,_,Pb,Sr;Caz;Cu,0, (n=0.1, 0.5, 1.0 glasses 1y b )
. . . - AY 0.341 0.384 0.383
are prepared by rapid quenching technique discusse e
. 507 L A 0.407 0.250 0.464
earliet and the glass samples thus prepared are divide V) 0.512 0.580 0.443
into two batches. The first batch of the samples are anneale £ 300 : : :
at 500 °C for 10 h. These samples are denoted byAPbl @ K
Pb2A, and Pb3 for n=0.1, 0.5, and 1.0, respectively. The Wi (V) 0.295 0.296 0.295
14.261 14.342 14.258

second batch of the samples are heated at 840 °C for 24 h

and then furnace cooled. These samples are termed & PbTqy -ined from the differential thermal analy$BTA).

Pb2S, and Pb3 for n=0.1, 0.5, and 1.0, respectively. On by ined from Eq(1).
annealing at these two temperatures in air, these glassy, i iied from Greaves’ modEEq. (4)].

samples become partialfPbA-type) and completely(PbS-
type) oxygenated and crystallin@lso called glass ceramics
The total copper ion concentrations of the samples were de-
termined from atomic absorption and the values of?Cu
concentration were determined by chemical analysis as dis-
cussed earliefRef. 1. The glass transition temperature
(Tg4) determined by thermal analysis and the results of infra
red (IR) spectra showing the presence of Bi@nd BiOg
pyramidal and octahedral units have already been rep&tted.
Some important parameters of the glasses are shown in Tab §
| for comparison.

Both the as-quenched and the annealed systems are ch
acterized by x-ray powder diffractiofPhilips, Model PW
1710 and scanning electron micrograptidodel 4254), Hi-
tachi, Japan The dc conductivity ¢4o) and thermoelectric
power (TEP) measurements were performed on all the

Ill. 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 10RbDIA,
Pb2A, and Pb\ samples and the corresponding XRD pat-
erns of the Pb$, Pb2S, and Pb3® glass ceramic&nnealed
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
8F§/stalline phases. The identified crystalline peaks in the
partially annealed sampleéig. 2) are found to be of
Cu,0O, CaPbQ, Bi,O3, PbO, and Bi-2201, Bi-2212, Bi-

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 measurement$
were made in the Ohmic region as tested from the study of:
the |-V curves. The dc conductivity of the same glass &
samples in different runs agreed within 2—3 % and sample%
of the same composition from different batches gave agree=
ment within 5% for room temperature measurements. The-
temperature was measured with a nanovoltmétaithley

181) with an accuracy of- 0.5 K (or bettey. The TEP values

INTENS|

BiL_nPb nSr3Ea 3Cu

kox

of the glasses and glass-ceramic samples<@®1 mm?) "
were also measured with the use of the APD cryocooler and
Keithley nanovoltmetefModel 18). A temperature differ-

206{degrees)

70

ence of 2—4 degrees was maintained between the two paral- FIG. 1. X-ray-diffraction pattern of Bi.,Ph,SCaCa,0, as-

lel surfaces of the samples under investigation.

guenched glasse&) n=0.1, (b) n=0.5, and(c) n=1.0.
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FIG. 2. X-ray-diffraction pattern of Bj_,Pb,Sr;CazCu,O,
glass ceramics annealed at 500 °C for 1(ehPblA (n=0.1), (b)
Pb2A (n=0.2), and(c) Pb3A (n=1.0).

FIG. 3. X-ray-diffraction pattern of Bj_,Pb,Sr;CazCu,O
glass-ceramic superconductdrdasses annealed at 840 °C for 24
h): (@) Pb1S (n=0.1), (b) Pb2S (n=0.5), and(c) Pb3S (n=1.0).

2223 phases. There are also some unidentified pgatis
cated by cross marksn Fig. 2. However, after final heating Other samples also show identical features. The glass
at 840 °C(for 24 h the samples become superconductorssamples annealed at 500 °C for 10 h disflgig. 4(b)] fea-
having mostly superconducting 2212 and 2223 phases alorigres of 3—10um in size. The homogeneously distributed
with traces of CaPbO, phase. At this annealing temperature particulate feature of the crystallites seen in the samples an-
the additional phases formed in the samples during the pafealed at 500 °C is considered to arise from copious nucle-
tial heating at 500 °C disappear. Similar crystallization kinet-

ics of this type of glasses was also discussed in a recent TABLE II. Values of the lattice constaniditted with tetragonal
review by Bansal® The XRD pattern of the glass-ceramic structurg and superconducting transition temperatufgs(zero re-
samples(Fig. 3 annealed at 840 °C for 24 fwhich are sistance temperatureof superconducting glass ceramidshe
superconducting as discussed belman be fitted with the Bis-nPbhSKECaCUL O, glasses annealed at 840 °C for 24 h
pseudotetragonal structure. The lattice parameters thus ob-= .

tained for the Pb$, Pb2S, and Pb3& superconducting Superconducting 2212Lstht::econ5tam2$§2)3 phase

samples are given in Table Il. These values of the lattice

constants agree quite well with the reported valties the glass ceramics a ¢ a ¢ Teo (K)
corresponding superconducting samples. Pbi1S 5.4142 30.7460 5.3247 37.7047 72

The scanning electron micrographSEM) of a typical  pp2s 5.4067 30.7333 5.6455 37.0199 73
as-quenched glass sampleiz. BizsPbgsSr3CazCusOy)  ph3s 53949 30.5793 5.7127 37.5441 78

and the corresponding glass ceramics are shown in Fig. 4
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FIG. 4. Scanning electron micrographs of
Bi,_,Ph,Sr;CaCu,O, (for n=0.5) for as-quenched glaga), the
glass-ceramic annealed at 500 °C for 1QRb2A) (b), and the
superconducting glass-ceramic annealed at 840 °C for @bE&S)
(c). [Scale:(a) 23 mm= 120 um, (b) 20 mm= 20 um, and(c) 20
mm = 10 um.]

ation in the phase separated microstructures of the as-
quenched glasses. The glass ceramics annealed at 840 °C,
however, show pure crystalline structUféig. 4(c)].

B. Electrical conductivities of as-quenched glasses

The thermal variation ofoy. of the Pb-doped(4334)
glasses are almost similar to those of the Li-dojjé834
glasses discussed earl[@ef. 1]. Variation of dc conductiv-
ity (040 as a function of inverse temperature angT? as
a function of T~ V4
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FIG. 5. The logarithm of dc conductivity of the as-quenched

el

Bi,_,Pb,Sr;Ca;Cu,0, (for n=0.1, 0.5, 1.0 glasses as a function
of T°L.

These data can be analyzed with nearest-neighbor hopping of
small polarons, proposed by M&ht! (for the region ofT

> 60p/2, 0 being the Debye temperatyrand Greaves’ vari-
able range hoppirfg (for T< 6p/2) as discussed below. The
expression for the dc conductivityof) as proposed by
Mott?>?! can be written agfor T> 6p/2)

o4c=[vpNe?R?C(1—C)exp — 2Ra)exp( —W/kgT)1/KgT,

()

1R, W, andC, are, respectively, the
number of transition metalCu) ion per unit volume, the
optical phonon frequency, localization length of thdike
wave function assumed to describe the localized states at
each transition metdICu) ion site, average intersite separa-
tion, activation energy for the hopping conduction and the
ratio of the transition metalTM) ion concentration in the
low valence states to the total TM ion concentrations. In Eq.
(1) kg and T are Boltzmann constant and absolute tempera-
respectively. Assuming a strong electron-phonon
coupling® the activation energyV is given by

-4
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FIG. 6. The variation of logy(og.T*?) with T~¥* of the as-

are shown, respectively, in Figs. 5 and 6. quenched Bj_,Pb,Sr;Ca;Cu,0, glasses.
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)
-6.5

where W, and Wy, are, respectively, the polaron hopping
energy and disorder energy arising from the variation of local
arrangements of the ions, amg , defined byhv,,=kg6p,

is the characteristic Debye temperature. In the adiabatic
limit, the overlap integral = exp(—2aR) in Eq. (1) reduces

to unity.

Schnakenberfd also showed theoretically that in amor-
phous solids, foll < #p/2 the contribution tary, comes pre- ® 250 300 350 400 450
dominantly from acoustic phonon, while far>6p/2, the 14,0 ] 1 L
main contribution too g is the phonon assisted conductivity
and hence the temperature dependence of conductivity is dif- -6.5
ferent in the temperature ranges on either sid& of 6p/2.
Schnakenberg model predicts a sharp decrease in activation
energy with decrease in temperatureTat The temperature
dependent conductivity in this model has the form

~1em-1
logO&c(Ohm )

Bi,

-nan SrBCa 3Cul‘0x

TiK) -9

-90 N=05 3w

n=10 ble)

=1 1
log Oac(Ohm cn')

4= ooT Y sinhhwpp) 1¥%exi] — (4Wy /hvgy) s b g//)’ .

O

X tani(hv,,B8/4) Jexp —Wp B), (3) :/
where oy is a temperature independent parameter and ~14.0 L1 L 1
B=1KkgT. 175 275 375 475

The experimental conductivity data above a typical char- TK)
acteristic temperaturg, (say ~250 K (where nonlinearity
is observed in Fig. Bare fitted with Eq(1). The experimen- FIG. 7. Theoretical fitting of the dc-conductivity data with Eq.
tal conductivity data are fitted by least squares method simit3 of the as-quenched Bi,Pb,Sr;CasCu,O, glasses: (a)
lar to our earlier workRef. 1] and the best fit parameters are N=0-5, () n=1.0, and(c) n=0.1.
shown in Table I. The phonon frequeney;, are obtained
from the infrared dat& The value ofC is estimated from values(shown in Table ) are obtained from the ac conduc-
magnetic susceptibility and atomic absorpti#ef. 1. The tivity data of these glassés* In Fig. 6 (continuous ling
values ofa shown in Table | are reasonable for localized the experimental conductivity data in the low temperature
states and indicate strong localization as in the case of Liregion are fitted with Greaves’ VRH modgEq. (4)]. The
doped(4334 glasses and many other transition metal oxidevalues ofa estimated from the best fit are also reasonable for
(TMO) glasses as discussed in Ref. 1. An estimation of polocalized state and are consistent with the values obtained
laron radiusr, which is related® to Wy (Wy=4e%e,r,) by the fitting of the conductivity data with E¢l) (as shown
has also been made for all the glasses and are shown in Talife Table ). Similar values ofa are also obtained for the
. The effective dielectric constant, is obtained from di- Li-doped Bi,Sr3CasCu,O, glasses and other TMO
electric constant dat&:'® The estimated values af, (as glasses?™®
shown in Table ) also suggest that the polarons are highly The experimental data has also been fitted with Schnaken-
localized in the undoped and Pb-doped,®i;CazCu,0,  berg modelEq. (3)] as shown in Fig. 7. The best fit param-
glasses. eters are shown in Table llWy is almost same for all the

At sufficiently low temperatures where the polaron bind-as-quenched glasses, but it is different from the values ob-
ing energy is small and static disorder energy of the glas$ained by the fitting with Mott’'s mode(Table |). The values
plays a dominant role in the conduction process, Mott'sof Wp decreases with increase of Pb concentration in the
T~ Y4 analysis for the variable range hoppifgRH) can, in (4334 glasses.
general, be applied for the TMO glasses. But for the Pb- The hopping mechanisntadiabatic or nonadiabajicof
doped glasses, sufficient data at low temperature is not avaithese glasses could be sugge$téy plotting log o( o740 Vs
able due to experimental limitations and very high resistivityW at a fixed temperatures. The temperatlige(say, esti-
of the samples which is also found to be true for Li-doped
Bi ,Sr3CazCu,Oy glassegRef. 1. An attempt to verify the TABLE IlI. Best fit parameters obtained from Schnakenberg's
applicability of this law gives unacceptably large values ofconductivity equation [Eq. (3)] for the as-quenched
a andWp . Bi,_,Pb,Sr;Ca;Cu,0, glasses witm=0.1 (Pbl), n=0.5 (Pb2,

At the intermediate temperature region Gred%esig- andn=1.0 (Pb3.
gested a variable range hopping conduction and derived an

['_nPb n SrBCa 3 Cu I.Ox

expression for the conductivity as Glasses Vpn (H2) Wy, (eV) Wp (eV)
2

oo T2= A exp(— BITY4), (4 Pbl 2.0< 10 0.468 0.050

Pb2 3.9¢ 102 0.513 0.012

where A and B are constants anB=2.1 a®/kgN(Er)]¥*  pb3 5.2¢ 102 0.513 0.009

N(Eg) is the density of states at the Fermi levBI(Eg)
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FIG. 8. The logarithm of dc conductivity of the as-quenched —
glasses as a function ®¥ (activation energy obtained from Fig. 5, ‘e = -2.00
at two fixed temperaturg800 and 410 K The estimated tempera- 7"'
ture from slopes of these two curves are 1270 and 880 K, respec- E =50 4 220
tively. S .
o
[ =
mated from the slope of such a plot would be close to the - _55 - 2.4
experimental temperature when the hopping is considered to ’
be in adiabatic regime. On the other haiid,would be very < -2.60
different from experimental temperature if the hopping is
considered to be in the nonadiabatic regime. Such a plot for -6.0 L L L l
two fixed temperatureT=300 and 410 Kis shown in Fig. 025 0.30 033' _‘1)}20 0.45
8 and the corresponding, values estimate270 and 883 T (K

K, respectively are very much different from experimental

temperatures in the Pb-dopé3349 glasses. Thus the hop- FIG. 9. (&8 The logarithm of dc conductivity of the partially
ping mechanism of these as-quenched glasses is in the norgiinealedat 500 °C for 10 hBi,_,Pb,SrzCasCu,Oy glass ceram-
diabatic regime as in the case of Li-doped,8i;Ca;Cu  icS as a function ofT* with n=0.1 (3), 0.5 (@), and 1.0
40, glasseg2®The nonadiabatic hopping is also supported(©)- (b) The logarithm of the low-temperaturd €125 K) con-
from the validity of Emil-Holstein relatioR® According to ~ ductivity of the partially annealed at 500°C for 10) h

; ; ; i ; ; Bis_,Ph,Sr;Ca&Cu,O [for PblA (n=0.1) (X), Pb2A
this relation the polaron bandwidthsatisfies the inequalit 4-n 8 X
P q y (n=0.5) (O), and PbA (n=1.0) (@®)] glass ceramics as a

I_(2kgTWhy /) ¥(hwgy /)12, (5)  function of T

where the signs> and < are for adiabatic and nonadiabatic ., plotted in Fig. @). The Debye temperaturéy , esti-

hopping, respectively. The values of KgZIWy/ mated from the tem : ; :
P Y perature where nonlinearity begins, var-
m) = (hwpy/ )~ vary from 0.0279 to 0.0284 at 300 K for all ;..¢ 40 465 to 488 K with Pb concentratighable IV) and
the concentrations. The values bestimated independently these 6 values for these partially annealed glasses are
from J~%e3[N(Eg)/€3]Y2 are of the order of 0.022 eV. D b Y 9
R Spd o greater than those of the as-quenched glaSsdsde )). These

Thus, in Pb-doped glasseX (2kgTWy /)Y (hv /)12 :
which suggestspthatgthe ﬁgz(are;-nergh?or (hoyp’;]ing) mechz\;{?lues off, (465—488 K also supports the theoretical value

nism occurs in the nonadiabatic regime. This behavior is alsg the superconducting Bi-Pb-Sr-Ca-Cu-O syste. But

S . ) the Debye temperature shows opposite behaviors with in-
zg?llils:[lt?oefthﬁ Li-doped EySr;CayCu,0Ox glasses reported creasing Pb concentration in as-quenched gla€Eaisle |)

and in the partially annealed glass ceranii€able IV), re-
spectively. For the first cas@y 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-
The dc conductivity data of the corresponding dure used in evaluatingp is not usual and quite rough. So
partially annealed (annealed at 500°C for 10 )h this strange result might be due to the rough evaluation of
Bi,_,Pb,Sr;CasCu,0, (n=0.1, 0.5, 1.0 glasses also 6p in the partially annealed glass ceramics. Moreover, the
showing semiconducting behaviffig. 9 can also be simi- multiple phases characterizing the annealed sam(abs
larly analyzed by using the polaron hopping conductionserved from XRD pattern in Fig.)2make the use of the
mechanism. However, in this case, as discussed below, trappropriate techniquefultrasounds and infrared spectros-
nature of the polaron hopping conduction mechanisncopy) quite difficult for determining the correct values of
changes from nonadiabatic regime to adiabatic regime. 6p . Therefore the corresponding valueséyf must be con-
The semiconducting character of these samples is clearlsidered only in the light of the order of magnitude. The char-
observed from the temperature dependence of conductivitgcteristic phonon frequency,(=kgfp/h) also changes

C. Electrical conductivity of partially annealed glasses
and glass-ceramic superconductors
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TABLE IV. Values of different parameters of the annealed glass -0.5
ceramics(the Bi,_,,Pb,Sr;Ca;Cu,0, glasses annealed at 500 °C
for 10 h. <
e -1.0 -
PbilA Pb2A Pb3A Te
Parameters n=0.1) (n=0.5) (n=1.0) =1 15
G - - —
Density 6.939 6.722 6.776 §~
(gm/co - 220 _
N 9.63 9.39 9.49
(10 cm™3) .
-2, ] ]
R (A) 4.704 4.739 4.723 00 0.05 0.10 015
rp (A 1.88 1.91 1.90 WieV)
0p (K) 465 476 488
Vph 9.70 993 10.18 FIG. 10. The logarithm of the dc conductivity of the Riype
(102 Hz) samples as a function &F, at two fixed temperaturg@t 220 and
N(Eg) 2 300 K). The estimated temperatures from the slopes of these two
3.50 4.80 5.10 curves are 222 and 304 K, respectively.
(10 eVt em™3) i
o (A7 0.018 0.019 0.019 EQ (7) using the values dfi(Eg) from Table IV are found to
W (eV) 0.11 0.095 0.036 be very small and almost constant. These low valueg of
(at 300 K ' ' ' (Table 1V) also support the adiabatic hopping mechanism.
y 5.49 468 171 Therefore, a change over in hopping mechanism from nona-

diabatic to adiabatic regime takes place when the as-

guenched glasses are annealed at 500 °C for {§irhilar

with the increase of Pb as shown in Table (3orresponding Pehavior is also found for these glasses annealed at 300°C

values for the as-quenched glasses as shown in Table | for 24 h or morg. Therefore, nonadiabatic hopping mecha-
The dc conductivity of the partially annealed samples, vizNism is true for the pure glassy precursors for higfsuper-

Pb1A, Pb2A, and Pb3\, in the low temperature regiorT(  conductors which is in contrast to the observation of Singh

<125 K) can be fitted with the equatiéh and Zacharia$! The adiabatic hopping conduction is ob-
served, due to the presence of more conducting microcrystals
ogc=A exp(—B/T"). (6) 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
%hanges the conduction mechanism along with other proper-
ties.
— 3 1/4 Assuming the high temperature activation enefgyo be
B=2a"TkeN(Ee)]™ @ close to the hopping energy,, [Ref. 23, we can roughly
Experimental conductivity data are fitted with E§) using  estimate the electron-phonon  coupling  strength
least squares method. The results are presented in @g. 9 y=W,/kg6p, whereW; is the polaron binding energy and
Below 125 K (< 6p/2), the resistivity of the samples may be equal to 2V, . Activation energyW calculated from Fig.
well described by the relatiof®) with n=1/4. This suggests 9(a) (plot of Inc vs 10007T) for a typical Pb]A sample, at
that the conduction in the low temperature region is govroom temperature, is about 0.11 eV. The electron-phonon
erned by a three dimensional variable range hoppingoupling constany, calculated with this value o, is 5.49.
mechanisnt? The values ofy decrease with increase of annealing time of
The N(Eg) values of these partially annealed glass ce-the samplegTables | and V.
ramics have been calculated from the corresponding ac con- To get the idea about the size of polaron we use the
ductivity measurement as in the case of as-quenched glassésrmula?® which has been used in the case of as-quenched
Table IV shows that these values b(Ef) lie between glasses. For the PB2glass ceramic the radius of the polaron
1071107 eV ! cm~3. These values oN(Eg) of the par- s estimated to be-2 A. We have also evaluated all these
tially annealed glass ceramics also agree quite well wittparameters for the as-quenched unannealed gléEakle ).
those obtained from the superconducting Bi-2212 system. The values ofr, for the as-quenched and the partially an-
As mentioned above, the hopping conduction mechanismealed (at 500 °C for 10 h glasses remain almost same
in all the partially annealed glasses changes to the adiabat{Tables | and IV. We have also tried to fit the dc conductiv-
regime. From the plot of log(oy) vs W (Fig. 10, the es- ity data of the partially annealed PbA sample with the
timated temperatureg, (as in the case of as-quenched glassSchnakenberg modgEqg. (3)], but the fitting parameters ob-
samples; Fig. Bare 304 and 222 K which are very close to tained are not feasible.
the corresponding experimental temperatures, viz. 300 and Figure 11 shows the temperature dependences of the re-
220 K, respectively. This sugge&tshat the hopping mecha- sistivity for the Bi,_,Pb,SrzCazCu,O, (n=0.1, 0.5, 1.0
nism is in the adiabatic regime. The Holstein condfftior ~ glass ceramidheat treated at 840 °C for 24).hAll these
adiabatic hoppin§Eq. (5)] is also satisfied for these partially samples show metallic behavior above the superconducting
annealed glassy precursors. The values @stimated from  transition temperaturé& ., varying from 110 to 115 K. The

The value of the exponent determines the nature of the
conduction mechanism in the semiconducting region of th
sample.A andB in Eq. (6) are constants and



observed from this figure, the TEP values increase with in-
crease of temperature unlike many semiconducting oxid?
glasses where, as suggested by Heikes' nidde¢rmoelec- @
tric powerS=k/e[In(c/(1—c)) +a], 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 supercorfrdered. On the other hand,
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FIG. 11. Thermal variation of the resistivity of the supercon- > &
ducting Bi,_,Pb,Sr;Ca;Cu,0O, glass ceramics[with n=0.1 X <><§>
(Pb1s) (O), 0.5 (Pb2S) (@), and 1.0(Pb3S) (O) annealed at v cch' (b)
840 °C for 24 h. 10 ] 1 1
- 100 200 300
60 I~
o
correspondingT, (zero resistance temperatunealues are _ °
72, 73, and 78 K, respectively, for=0.1, 0.5, and 1.0. x W F o
>
. 2 o
D. Thermoelectric power - ooo
Thermoelectric power of all the Pb-doped as-quenched 20 L d,°
glassy semiconductors is found to be positive indicating @09
holes are the carriers, which is due to donation of holes by @® (c)
the Pb ions. However, because of large resistances of the
samples reliable TEP data of the glasses cannot be obtained. l i
The thermal variation of TEP data of the partially annealed 100 200 300
PBA glasses can be measured and are shown in Fig. 12. As T(K)
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FIG. 12. Thermal variation of the thermoelectric pow&) (©f
PblA (@), (b) Pb2A (O), and(c) Pb3A (O).

if €t ions are not ordered and

ductors(Fig. 13. Here, for all such samples, the temperaturehave twofold orbital degeneradyvhich occurs for strictly
dependent TEP values are negative around 300 K and tHctahedral symmetjythere would be an extra In2 term from

sign changes from negative to positive around 290 K. Adhe orbital degrees of freedom. The magnetic ordering is ab-

temperature decreasesl tlBeincreases exh|b|t|ng a peak sent in this SySteFﬁ and, therefore, the modified expl’eSSion

around 115 K (T.) and then suddenly drops to zero at 72, for TEP is

73, and 78 K(the zero resistance temperatufgg) for the
Pb1S, Pb2S, and Pb® samples, respectively. This behavior
is consistent with the fact that in the superconducting state,

S= —(2k/|e|)In2—(2k/|e|)In(p/1—p).

9

the S becomes zero. The variation fabove 120 K of these At room temperature for our Piglsuperconducting, sample,
samples is very similar to that obtaifédor the doped the hole concentration is 0.198 per Cu ion. For Stghd

La-Sr-Cu-0.

Pb3S the values of hole concentration are almost same
It has been suggest¥dhat the Hubbard model well de- (~0.199 per cu ioh The values are slightly greater than the

scribes the basic physics of these hiihmaterials. For large  results obtained by Tarascen al* where, for the undoped
on-site repu|5|0n, the TEP for a Hubbard modalthe hlgh Bi4Srsca3Cu4ox (4334) ceramic Superconductor, they

temperature limjtis given by

Entropy considerations lead to this formula wiihequal to
the ratio of C#* to the Cy, if the conduction process in-
volves hoppingd electrons and/or holes from one €uto a
Cu®' ion. The In2 term appears from the spin degree of
freedom and would be absent if €l ions are magnetically

S=[AT/(B?+T?)]+a'T,

found a hole concentration of 0.15 per Cu ion by TGA and
titration experiments. This increase in hole concentration per
S=—(k/|e[)In2—(k/|e)In(p/1-p). @ cuion, 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

(10
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TABLE V. Best fit parameteré\, B, anda’ of Eq. (3) andF,

61 s G, andH of Eq.(4) and (eg— €g), I' values determined frorA and
- B of the superconducting glass ceramics obtained by annealing the
Lk gmkh Bi,_,Pb,Sr;Caz;Cu,O, glasses at 840 °C for 24 h.
N S Q
> o ! Value PbB Pb2sS Pb3sS
L2k © OQQ - - -
a L 8 og of (n=0.1) (n=0.5) (n=1.0)
oL 8 QQQ A(uV) 1880 1840 1800
a Lk T(K) (bl o B (K) 112 124 127
L 1 ! | I a' (uVIK2) —-0.023 —-0.018 —-0.018
7f 100 150 200 250 300 (€o—€r) (K) 10.9036 10.6716 10.4396
— - 5 I' (K) 202.853 224.658 230.116
X of f;&i (a) F 0.0629 0.0637 0.0638
>.% | o e G (K) 5.95x 10° 5.95x 107 6.00x 10
Z3pL Ce H (K) 1.33x10° 1.48<10° 1.478<10°
[ ]
e ey
tr o, e To fit the TEP results of some superconducting as well as
0 é qo '0‘ nonsuperconducting compounds, Ikegatal. modified the
2 i ' . 1 . \°\I\ above equation in the following form:
30100 150 200 250 300 S=Kg/e[1—F In(27pG/T)—T/H], (12)

T{K)
where,F, G, andH are the fitting parameters.

The thermoelectric power of the superconducting samples
can also be well fitted, like Eq10), to Eq.(12). The best fit
curves obtained with Eq$10) and(12) are almost similar as
shown in Fig. 13for the best fit with Eq(10)]. The corre-
sponding fitting parameters, vi&, G, and H, are also
shown in Table V.

FIG. 13. The thermal variation of the thermoelectric pow8y (
of the superconducting Bi ,Pb,Sr;Caz;Cu,O, glass ceramics an-
nealed at 840°C for 24 h(a) n=0.1 (PblS) (O), n=0.5
(Pb2S) (@), and(b) n=1.0(Pb3S) (O). The dotted line repre-
sent the best fit curve with Eq10). The same best fit curve is
obtained with Eq(12).

IV. SUMMARY AND CONCLUSIONS
which has been used by Foreo al,*® where the second term _ _
is the normal band contribution. The first term, as proposed he Bis—,Pb,SrsCasCu,0, glass ceramics annealed at
by Gottwick et al®” for the analysis of the TEP data of 500 °C for 10 h remain semiconductor similar to the corre-
CeNi, samples, is obtained by assuming superposition ofPonding as-quenched glasses. Small polaron hopping con-
broad band and a localized band with a peak positiogyat duction mechanism is valid for all these samples. However, a
and widthT". The constant& andB are given by change over from the nonadiabatic small polaron hopping
conduction mechanism to the adiabatic hopping conduction
A=2(eo—ep)l|e| and B2=[(ey—ep)2+ 2]/ 72k, mechanism take; place with increase of annealing time and
(11  temperature(for instances at 500°C for 10 h and at
300 °C for 24 h. This is due to the formation of microcrys-
where e is the Fermi energy. The TEP results of our tals in these annealed glasses as observed from XRD patterns
samples fitted to Eq.10) in the temperature range of 110— and SEM studies. It is important to note that such microcrys-
300 K are shown in Fig. 13. The best fit paramet&rsB, tals might also form even in the as-quenched glagdes
and «' are given in Table V along with the values of pending on quenching rate, gtend as a consequence such
(eo—€r) andTI'. For all the sample&’ is found to be nega- glasses would show the adiabatic hopping mechanism in-
tive and nearly the same. However, with the increase of Plstead of the nonadiabatic hopping mechanism as observed by
concentration, é,— ) decreases but increases systemati- Singh and Zacharid$and Som and Chaudhuilt is further
cally. observed that the semiconducting behavior of the as-
The TEP results of the glass ceramics which become sujuenched and the partially annealed glasses, at low tempera-
perconductors after annealing at 840 °C for 24 h have alsture, follow the variable range hopping conduction mecha-
been fitted with the Nagaosa-Lee maflethich is actually a  nism. The values of the density of staté¢Er) also increase
modification of the model proposed by lkagaveaal®®  with annealing time. The thermal variation of thermoelectric
Nagaosa and Lee proposed that for a superconducting cpower indicates that the Pb-doped Bi-Sr-Ca-Cu-O glasses
prate, there are two contributions in the TEP, one comingand the corresponding glass ceramics psg/pe semicon-
from bosons $;) and another from fermions ductors.
(Sp):S=Sg+S with, Sg=(kg/€)[1— In(27p/mkgT)] All the Pb-doped glasses of our present investigation be-
and Sq= —[kg/e]kgT/€eg, Wherep is the concentration of come superconducting after annealing at 840 °C for 24 h.
holes per(Cu-O bond andm is the mass of the bosonic The positive TEP values of these superconductors again in-
carrier. dicate that the Pb-Bi-Sr-Ca-Cu-O type glass ceramics are
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hole-type superconductors. It has also been found that theresent glass cerami¢and in other related systejris bipo-
thermoelectric power of the superconducting glass ceramidgronic in origin®*? These bipolarons (or “spin
varies systematically with the carrier concentratitthe car-  polarons™?), might be createdwith lowering of tempera-
rier concentration is changed by substituting Pb at the Bture) from the small polarons already existing in the glassy
site). The zero value of the TEP at temperatdig is con-  phase. Indeed, experimental evidence of polaron hopping has
sistent with the corresponding zero resistance temperature bkeen reported in a layer structure of superconducting
the glass-ceramic superconductor under investigation. Theuprates?
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
reported® in the superconducting BaBsPb, ,403_ 5 and The authors are grateful to the University Grants Com-
Bay 7K o5Bi03_5 Oxides. Again since the Nagaosa-Lee mission(UGC), and to the Department of Science and Tech-
model considers bosonic carriers and also fit the TEP datanology (DST) for providing financial assistance. The facili-
the contribution of the bosons in the thermoelectric powetties for the XRD, SEM, EDX, IR, and atomic absorption
appears to be important. studies provided by the Departments of Materials Science,
Finally, since the semiconducting behavior of the glassyinorganic Chemistry, and Organic Chemistry are also grate-
and partially annealed Pb-doped system can be well exully acknowledged. The authors are also grateful to Profes-
plained by the small polaron hopping conduction mechasor H. Sakata of Tokai University, Japan, for his valuable
nism, one might argue that the superconductivity in thecomments.
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