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A two-band model has been applied to explain the observed behavior of the thermoelectric power of
Bi-2:2:2:3. The model invokes the Cu-O planes, which contribute to the metallic conduction of holes,
while Bi-O planes contribute to the semiconductorlike behavior of electrons. The results indicate a good
fit to the observed data and are consistent with the recently reported scanning-tunneling-spectroscopy

studies of Bi-O layers in Bi cuprates.

INTRODUCTION

The measurement of thermoelectric power is among
the frequently pursued transport investigations in solids
primarily performed to gain insight into the nature of the
charge carriers responsible for the conduction process. It
also provides information about the bandwidths and the
band gaps which govern the transport properties of the
materials."? With the advent of high-T, superconductors
much of the experimental and theoretical efforts have
been directed to understand the thermopower of these cu-
prates exhibiting high-T, phenomena.>* Some of these
studies have considered the two-band model>® to explain
the observed behavior of most of the high-T, cuprates.
In the case of Bi-based high-T, systems, e.g., Bi
2:1:2:2/2:2:2:3 the band-structure calculations’® seem to
suggest that in addition to Cu-O planes taking part in the
metallic conduction, the Big,-O,, band of Bi-O also dip
down in E; and contribute to the Fermi surface of the
material. Further as suggested by some recent investiga-
tions, an electron-type conduction is dominant in Bi-O
layers,”~!! while Cu-O planes are known to have a hole-
type conduction. Reduction in the valence state of Bi’**
to Bi*~? gives rise to an electronic conduction in Bi-O
planes, while the oxidation of Cu* to Cu*?® gives rise to
the hole conduction in Cu-O planes. The mechanism of
the oxidation and reduction processes can be given as!!

Bi** +Cu?t=Bi* %+ Cu?*? . (1

In the above background we find it reasonable to apply
a two-band model explanation to the thermopower
behavior of Bi-based systems. Recently, such a model
has been successfully applied to understand the observed
thermoelectric power (TEP) data on the T1 2:2:2:3 sys-
tem.® The Bi 2:2:2:3 system is essentially analogous to T1
2:2:2:3. We have, in this paper, followed Xin et al.,® to
understand TEP behavior of the Bi 2:2:2:3 system.

EXPERIMENT

The sample of nominal stoichiometry
Bi, ¢Pb, 4Ca,Sr,Cu;0,, was prepared by the usual solid-
state reaction method using ingredients of better than 4N
purity. The calcinations were carried out at 800, 810,

0163-1829/94/49(9)/6385(3)/$06.00 49

and 820°C, respectively, for 15 h each with intermediate
grindings. The sintering was carried out at 870°C for 120
h and finally the sample was furnace-cooled down to
room temperature. The sample was then characterized
through resistivity, susceptibility, and x-ray diffraction
(XRD). Thermoelectric power measurements were car-
ried out on a closed-cycle refrigerator.
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FIG. 1. (a) Resistance versus temperature behavior of Bi
2:2:2:3 system. (b) Ac susceptibility versus temperature
behavior of Bi 2:2:2:3 system.
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FIG. 2. TEP versus temperature behavior of Bi 2:2:2:3 sys-
tem.

RESULTS

The sample, when gradually cooled from room temper-
ature, showed a resistive transition to superconducting
state at 109 K [Fig. 1(a)]. From XRD patterns a near
single-phase nature of Bi 2:2:2:3 was confirmed with
a=b=5.39 A and ¢=36.79 A. Ac susceptibility mea-
surement showed a diamagnetic transition at 109 K [Fig.
1(b)], in close accord with resistive transition. The results
of the thermoelectric power measurements of the sample
are depicted in the form of the S-T curve in Fig. 2. The
Seebeck coefficient was found to be zero at 108 K, con-
sistent with the critical temperature as determined
through resistivity and magnetic susceptibility.

DISCUSSION

Thermoelectric power of a metal which satisfies the
Fermi-liquid model, is given by1

dlnwXE)
d InE

_mk kT
2 e EfO

dIn(E)
dInE

dInm(E)
d InE ’

S=

()

where 7(E) is the relaxation (scattering) time of electronic
charge carriers of energy E, e is the magnitude of elec-
tronic charge and E is the zero-temperature Fermi en-
ergy. Equation (2), with a single kind of charge carriers
cannot describe the S-T dependency shown in Fig. 2. As
suggested in introduction part, a two-band model is to be
applied for this material, where one band is formed by
Cu-O planes and the other by Bi-O. For a semiclassical
and nearly half-filled single-band model with p-type con-
duction (i.e., Cu-O planes), Eq. (2) results as
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where o (E) is the electrical conductivity of the materi-
al. A p-type conduction is believed to be responsible for
superconductivity in these high-temperature supercon-

ducting (HTSC) materials. Contribution from the e -
type Bi-O planes would be given by the nondegenerate
semiconductor expression, as below:!"!2
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If o is the conductivity the Cu-O planes and o~ is
the conductivity of Bi-O planes, then the total thermo-
power is given by!
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o is the net conductivity of this system. Now Cu-O is
metallic hence, o Tal/7, and the Bi-O planes are semi-
conductorlike”!° hence, o~ a exp(Ec /KT). On the basis
of Xin et al., the total TEP can be given by

4| B kdnnE) o BT ©
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which in general can be represented by the equation®
S=AT+(BA+CT)exp(—A/T) . (7N

A, B, C, and A are the constants for a particular material.
The filled triangles in Fig. 2 are the fit of Eq. (6) to the ex-
perimental data. The fitting parameters 4, B, C,
and A are found to be 4=0.06687, B=—0.13795,
c=—0.04257, and A=342.16. As temperature de-
creases the absolute value of TEP increases with p-type
conduction dominating, while at high temperatures the
e-type TEP of Bi-O layers seems to dominate.

We used the above value of A to calculate the energy
gap in semiconductorlike band structure of Bi-O layers.
The semiconductor energy gap E, in the intrinsic semi-
conductors is usually given by E,=2E_ . According to
the relation A=E, /K with A=342.16, Eg comes out to
be 0.031 eV.

This is consistent with the scanning-tunneling-
spectroscopy studies of Bi 2:1:2:2 system which show the
room-temperature gap in a wide range of 0.0-0.3 eV.%!°
The gap depends upon the extent of intercalation of ex-
cess oxygen in the Bi-O layers: For the near absence of
excess oxygen, the gap approaches zero.

The value of A4 gives the contribution for the mobile
holes in the Cu-O planes, which can change with doping
or with a change in the oxygen content of the samples.
Samples processed with various heat treatments lead to a
change in the valence state of Bi,”®!! which may result in
different values of the energy gap in the Bi-O spectrum.

Since the above model seems to have worked so well
with the present Bi series of compounds as well as with
the previously reported Tl-based ones,® it is natural to
question the applicability of the model to other HTSC
systems, for instance 1:2:3. The situation, however, does
not seem to be so straightforward with 1:2:3, where the
existence of an additional band for the semiconductive
component is questionable. Surprisingly, however, the
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TEP behavior of an untwinned 1:2:3 single crystal along
a axes is found to be analogous to that of Bi 2:2:2:3."
The reason for this is not understood presently. When
the crystal is untwinned and there is no mutual swapping
of a and b axes, the Cu(1)-O(1) complex has uninterrupt-
ed excess holes along the b axes, while the Cu(1)-O(5)
complex is devoid of holes along the a axes.!*”!® For
measurements in the a direction the two components in-
volved would be holes from CuQO, planes plus the absence
of holes along the Cu(1)-O(5) complex, the latter may be
taken as an n-type semiconductive component. Such a

conjecture is, however, purely hypothetical calling for ex-
perimental confirmation. In the absence of this, the mod-
el presumably works only for Bi- and TI- based com-
pounds, where the presence of two types of bands is less
doubtful.
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