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ABSTRACT

The ac conductivity of cuprate glasses based on the unconventional network
former PbO is reported in the frequency range 10°~10° Hz and in the temperature
range 80-450K. Analysis of the conductivity data has been made in the light of
different existing theoretical models. It is observed that, among them, the
correlated barrier hopping mode]l can best explain the conductivity and
frequency exponent data. The values of the different parameters obtained from
this model are reasonable. The high values of the dielectric constant observed in
this system are attributed to the high polarizability of the unconventional network
former PbO.

§ 1. INTRODUCTION

The transition-metal (TM) oxide glasses based on conventional network formers
like P,Os, GeO,, etc., have been studied extensively (Owen and Robertson 1970,
Linsley, Owen and Hayatee 1970, Sayer and Mansingh 1972, 1982, Mansingh,
Dhawan and Sayer 1983, Ghosh 1990a, b, 1992). The TM oxide glasses show semi-
conducting behaviour which arises from the presence of the TM ions in multivalent
states (such as V** and V** in vanadate glasses). The conduction process in the
copper phosphate and copper borate glasses are characterized by a high activation
energy which is mainly governed by an electron hopping mechanism between non-
identical copper sites (Sayer and Mansingh 1972, Austin and Sayer 1974). Austin
and Mott (1969) pointed out that the ligand field environment is different for Cu*
and Cu®* ions and thus part of the activation energy can be a carrier-excitation
energy from one site to another. Drake and Scanlan (1970) proposed that Cu* and
Cu?* ions exist in different coordination spheres in copper phosphate glass. Some
authors (Tsuchiya and Moriya 1975) have postulated a mixed electronic and ionic
conduction in copper phosphate glasses and this behaviour is interpreted assuming
that the Cu™ ion exists in sites with different bonding forces. Recently, glass for-
mation and structure of the TM oxide glasses based on the unconventional network
formers Bi,O3; and PbO have been reported (Hazra and Ghosh 1995a, b). Structural
studies (Hazra and Ghosh 1995b) reveal that the copper ions in the lead cuprate
glasses occupy network-forming positions and thus are unable to diffuse through the
host matrix, unlike the alkali jons in most conventional network-modified glasses
(Martin 1991, Sidebottom, Green and Brow 1995). Studies of the dc conductivity of
the lead cuprate glasses (Hazra and Ghosh 1995¢) show that the dc electrical
conduction occurs by the hopping of electrons between Cu* and Cu®' ions in

tAuthor for correspondence.

0141-8637/96 $12 - 00 © 1996 Taylor & Francis Ltd.



236 S. Hazra and A. Ghosh

the nonadiabatic regime, similar to the precursor glasses of high-T; cuprate super-
conductors (Ghosh and Chakravorty 1990, Ghosh 1993).

The purpose of the present paper is to study the ac conduction mechanism of
unconventional lead cuprate glasses in the frequency range 10%-10° Hz.

§ 2. EXPERIMENTAL PROCEDURE

The details of preparation of the glass samples of compositions xCuO—(100 — x)
PbO, where x = 15-50mol.%, have been reported earlier (Hazra and Ghosh 1995b).
In brief, mixtures of reagent grade CuO (Loba, India) and PbO (Koch Light, UK)
were melted for 1 hin alumina crucibles in an electric furnace at a temperature in the
range 1100-1250°C depending on the composition. Glassy samples were obtained by
subsequent twin-roller quenching of the melts. The amorphous nature of the samples
was confirmed by X-ray diffraction. The homogeneous nature of the samples was
also verified from SEM micrographs. The prepared glasses were well characterized
by a variety of techniques, such as differential thermal analysis, density and molar
volume, atomic absorption, infrared absorption, electron spin resonance, magnetic
measurements, etc. (Hazra and Ghosh 1995b).

The ac measurements were carried out using a GenRad (model-1615A)
Capacitance Bridge in the frequency range 102—10° Hz, using gold as the electrode
material. The dc measurements were made using a Keithley (model-617) electro-
meter. All measurements were taken in the temperature range 80450 K. The sample
cell was placed in an electric furnace and in a cryostat for measurements above
and below room temperature, respectively. To ascertain the bulk properties,
measurements were also made for samples with different thicknesses and elec-
trode areas.

§ 3. RESULTS AND DISCUSSION

Figure 1 shows the variation of the measured total conductivity, o(w) with the
inverse temperature at three frequencies for a typical glass composition. The dc
conductivity is also included in the figure for comparison. In fig. 1, it is clear that
in common with other amorphous semiconductors, the temperature dependence of
the measured conductivity is much less than the dc conductivity at low temperatures,
and it is not activated in behaviour. However, at higher temperatures, the tempera-
ture dependence of the conductivity becomes strong and its frequency dependence
becomes small. Ultimately the measured conductivities at all frequencies coincide
with the dc conductivity at higher temperature. Similar behaviour is also observed
for the other glass compositions, the only difference being the temperature at which
the measured conductivity becomes equal to the dc conductivity.

The measured conductivity as a function of frequency at various temperatures is
shown in fig. 2 (a) for the same glass composition as in fig. 1. It is also evident from
the figure that the dc contribution is significant at high temperatures, while the
frequency-dependent term dominates at low temperatures. Figure 2 (b) shows the
frequency-dependent conductivity, o, (w), obtained by subtracting the dc conductiv-
ity from the measured ac conductivity as a function of frequency at the same tem-
peratures and for the same glass composition as in fig. 2 (a). It is clear from fig. 2 (b)
that the oy (w) obeys the power law

0’1((1.)) =Auf, (1)
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The temperature dependence of the measured total conductivity at three different frequencies
and the dc conductivity for the 30CuO-70PbO glass composition. Solid curves
through the data are to guide the eye.

where A is a temperature-dependent constant and the frequency exponent s is gen-
erally less than or equal to unity. The exponent s was obtained from least-square
straight-line fits of the data of fig. 2 (b). The variation of s with temperature is shown
in fig. 3 for two glass compositions. Figure 3 shows that s increases as the tempera-
ture decreases. It may be noted that s decreases as the CuO content increases in the
glass compositions.

Different theoretical models (Elliott 1987, Long 1982) have been developed to
account for the frequency and temperature dependence of o;(w) and s. In essence,
two distinct models have been proposed: (i) quantum mechanical tunnelling through
the barrier separating two equilibrium sites, and (ii) classical hopping over a barrier.
The results presented above for the lead cuprate glasses are discussed below in terms
of these models.

3.1. Quantum mechanical tunnelling (QMT) models
Several authors (Bottger and Bryksin 1976, Long 1982) have evaluated, within
the pair approximation, the ac conductivity for single-electron motion undergoing
tunnelling and obtained the following expression,

01() = 5 kTN (Er)a~*ufln (1w, ¥)
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(a) Variation of measured total conductivity with frequency at different temperatures for the
30Cu0O-70PbO glass composition. Solid curves are the best fit to eqn. (5) plus the
measured dc conductivity. (b) Corresponding ac conductivity obtained by subtracting
the dc contribution. The solid lines are straight-line fits obtained by a least-squares
fitting procedure.

where N(EF) is the density of states at the Fermi level and a~! is the localization
length. The frequency exponent s is given by

s=1-4/In(1/wr). 3)

Equation (3) predicts that s is independent of temperature. For w = 10*s™! and
o= 10785, eqn. (3) gives s = 0-81. However, the experimental values of s shown
in fig. 3 decrease as the temperature increases. This is in marked disagreement with
the QMT model.

In the above approach, it was assumed that no lattice distortion was taking
place. But in most amorphous materials lattice distortion takes place, i.e. polarons
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Frequency exponent s shown as a function of temperature for two glass compositions: A,
21 mol.% Cu0O; O, 30mol.% CuO. Solid curves are the best fit to eqn. (7).

are formed (Mott and Davis 1979). However, the small-polaron tunnelling model
predicts a decrease of s with a decrease of temperature (Elliott 1987) and thus is not
consistent with the experimental data. On the other hand, if overlapping large polar-
ons are formed (Long 1982), then the frequency exponent s decreases with an
increase of temperature up to a certain temperature and then increases with further
increase of temperature. However, the data for s (fig. 3) do not exhibit such a
temperature dependence, thus ruling out the applicability of large-polaron tunnelling
as a possible conduction mechanism in the present glass system.

3.2. Classical hopping models

The other type of process which has been proposed for the ac conduction
mechanism is classical hopping over a barrier. A model for ac conduction, which
correlates the relaxation variable W with the intersite separation R, has been devel-
oped by Pike (1972) for single-electron hopping and extended by Elliott (1977) for
simultaneous two electron hopping. If two favourable sites having a separation R are
correlated, then there is a lowering of the barrier height due to the Coulomb inter-
action, from Wy to W, given by (Pike 1972)

W= Wy—é /megoR, 4)

where £ is the diclectric permittivity of free space and e is the dielectric constant of
the material.

The ac conductivity due to correlated barrier hopping (CBH) of an electron in
the narrow-band limit is given by (Pike 1972, Elliott 1977, Long 1982)

3
o (w) = %Nzeeowa,, (5)
where N is the density of pair sites and R, is the hopping length at a frequency w
given by

R, = é/neeo[Wy — kT In (1/wrp)). (6)
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Table 1. Parameters obtained by fitting the experimental data to the CBH model for the lead
cuprate glass system.

Glass composition Wn To N
(mol.%) V) ) (cm™3) €
15Cu0O-85PbO 1-45 170 x 1071 2.00 x 10% 19
21Cu0-79Pb0O 138 190 x 1071 2-85 x 107! 20
30Cu0O-70PbO 0-98 2.00 x 1071 0-80 x 10% 21
36Cu0-64PbO 0-90 145 x 10713 7-10 x 10% 27

The exponent s in the theory is estimated as (Long 1982)

Equation (7) shows that the exponent s decreases wth an increase of temperature
consistent with the experimental data (fig. 3). The conductivity data at different
temperatures were fitted to eqn. (5) plus the dc conductivity for the present glass
system. The solid lines in fig. 2 (a) represent some of these best-fit curves for a glass
composition. A good fit is observed, indicating CBH to be the possible conduction
mechanism. The frequency exponent s plotted against 7 was also fitted to eqn. (7) by
the best-fit procedure. Again a reasonably good fit was observed, strengthening the
case for the CBH mechanism. The different values of the parameters obtained from
the fits are shown in table 1. The values of W) are consistent with the glass compo-
sitions, while the values of 7, are reasonable and consistent with the values estimated
from IR measurements (Hazra and Ghosh 1995b). The values of N are of the same
order of magnitude as the copper ion concentrations (Hazra and Ghosh 1995b) in
the glass compositions. The values of € are high when compared with those of other
oxide glasses formed with conventional network formers (Mansingh et al. 1983). The
high values of ¢ can be attributed to the influence of the high polarizability of the
Pb%* ions of the unconventional network former PbO on the ac response.

§ 4. CoNcCLUSIONS

The ac conductivity of the unconventional lead cuprate glass system in the
composition range 15-50mol.% CuO was analysed over the frequency range 10>—
10° Hz. The ac conductivity at low temperatures is substantially higher than the dc
conductivity and shows a weak temperature dependence but a strong frequency
dependence. Analysis of the conductivity data, and also the frequency exponent,
shows that CBH is the most favourable model to describe the conduction mechanism
in the present glass system. The values of different parameters obtained from this
model are reasonable. The value of the dielectric constant is large compared to that
of conventional glasses, which may be due to the influence of the highly polarizable
network former PbO.
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