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Dynamic behaviour of electrical conduction and polarization in silver borophosphate glasses
has been studied over wide range of frequencies and temperatures. The dielectric spectrum
showed a strong dispersion in C’' () with rise in temperature which distinguishes the
conduction process from a pure steady state. The observed behaviour was found to be
temperature activated with an activation energy of 0.39 eV. The data have been analysed in
terms of admittance plots and a model has been proposed on the basis of this analysis.

1. Introduction

Glasses are an inorganic product of fusion which has
been cooled to rigid condition without crystallization
[17. Inorganic materials, such as silica, sand, sodium,
calcium, carbonates feldspars, borate and phosphate,
are used to make glasses [2]. The large variation in
composition coupled with lack of long-range structure
has created interest in these materials not only from
technologists as potential materials for solid state
ionic devices, but also from physicists because of their
intricate conduction mechanisms that are being pro-
posed to explain the unusually high ionic conductivity
in some of the recently studied amorphous solid elec-
trolyte systems [2-10].

In most oxide glasses, the electrical conductivity
results from ionic motion. D.c. and a.c. measuring
techniques have been used to study the electrical
properties of these materials. In d.c. measurements, a
space-charge region is often set up because of the
partial blocking of the ionic current by the electrodes
which causes the current to fall rapidly with time. This
problem can be eliminated by using a.c. impedance
spectroscopy [8, 11, 12}. The use of a.c technique, not
only eliminates the problems associated with d.c
measurements, but it permits the determination of
ionic conductivity and relaxation time [12]. Studies of
complex impedance and complex modulus formalisms
require the measurement of dielectric parameters
(C" and C" or & and &") over a wide range of
frequencies. Dielectric studies of solids and liquids
have been the subject of intense continuing investiga-
tion over a long period of time. A detailed survey of
the dielectric properties of a wide range of solids has
been given by Jonscher [13-15]. It was observed that
the dielectric response of solids departs significantly
from the ideal Debye response and can be expressed in
terms of fractional power laws, according to which the
frequency dependence of the complex capacitance of
all solids in which the dielectric behaviour is domin-
ated by hopping charge carriers, is given by

Clo) = Alw)™ V) + B(io)™ ()
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where 4 and B are suitable constants and the expo-
nents n, and n, lic between zero and 1. n, dominates at
high frequencies falling closer to unity, whereas n,
dominates at low frequencies and is close to zero. The
low-frequency behaviour corresponding to n, = 0 is
referred to as low-frequency dispersion (LFD)
[16-18]. .

An essential feature of Equation 1 is that the ratio of
the real and imaginary components of the complex
capacitance is frequency independent, in complete
contrast with the classical Debye relation

C"(w)/C'() = cot(nm/2) 2)

In this paper we report the dielectric properties of
silver borophosphate glasses (Ag,0:B,0;:P,05) of
composition 60:08:32 over a wide range of frequencies
and temperatures. The experimental data confirms the
presence of the power law [1].

2. Experimental procedure

The chemicals used for the preparation of glasses of
different compositions were reagent-grade AgNO,
(IM), P,O, (Merck) and B,O; (BDH). A mixture of
these compounds in the desired stoichiometric ratio
by weight, was taken in a platinum crucible. After
thorough mixing, it was heated in a muffle furnace
between 900 and 1100 °C for about 30 min. The glass
pellets, 12 mm diameter and 2.4 mm thick, were pre-
pared by a conventional air-quenching technique in a
specially designed steel die.

X-ray diffraction analysis confirmed that the pre-
pared silver borophosphate glass samples have
amorphous structure. The pellets were smoothed and
then cleaned in an ultrasonic bath. Gold contacts
{ = 1 ym thick and 0.86 cm diameter) were deposited
on both sides of the pellets at residual pressure, ~
1073 torr (1 torr = 133.322 Pa). For electrical connec-
tion, fine copper wires were connected to the gold
electrodes of the sample using silver conducting paint.
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The sample was mounted with a heat-sinking com-
pound on the copper base of the sample holder of the
Oxford 1704 cryostat. The sample temperature was
controlled and maintained by I'TC4 (Oxford).

Frequency domain measurements, at different tem-
peratures under vacuum (& 103 torr) were carried
out using a Solartron frequency response analyser
(FRA) 1255 in conjunction with a Chelsea Dielectric
interface coupled to Opus PC. The results were plot-
ted through Roland DXY-880A X-Y plotter in the
form of real (C'(w)) and imaginary (G/®) components
of the complex capacitance, conductance G(®») and
tand as a function of the circular frequency f = w/2n
in logarithmic coordinates. The print out of numerical
data was taken with an Epson LQS500 printer and
stored on floppy disk for further processing. All the
samples were studied at 0.1 V r.m.s and with 0V d.c.
bias in the frequency range 10~#-10° Hz and temper-
ature range 120-400 K.

3. Results and discussion

The frequency dependence of both the real, C'(w),
and imaginary components, C’(®), of the com-
plex capacitance for silver borophosphate glass
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(Ag,0:B,0,:P,0,, 60:08:32) is shown in Fig. 1a and
b for high and low temperatures, respectively. Both
C'(w) and C"(w) are plotted on a log—log scale on
common axes and the individual sets are displaced
vertically by two decades for clarity of presentation. It
is evident from these figures that the dielectric re-
sponse of the sample is a strong function of temper-
ature, both qualitatively and quantitatively. At the
lowest temperature (120k) the C’(®) remains practi-
cally flat over the whole measured frequency range.
The scattering in C”(») in the intermediate frequency
range is due to very low values of conductance.

A clear dispersion in C'(w) is observed with rise in
temperature and three different regions, namely, a
constant C'(m) at high frequencies followed by a rapid
rise at intermediate frequencies, and finally a tendency
towards saturation at lower frequencies can clearly be
identified in the spectrum. The frequency range for
each region is shifted towards high frequencies with
the rise in sample temperature. Thus the constant
C'(w) behaviour observed below room temperature
almost disappears at higher temperatures.

Below 275 K, the value of C’'(w) at higher frequen-
cies is almost independent of temperature, which may
be correlated to the geometrical capacitance of the
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Figure 1 The frequency dependence of (1) C’'(0) and (O) C”(w) of a silver borophosphate glass sample, (a) below room temperature, and (b}
above room temperature. The consecutive sets corresponding to rising temperature are displaced vertically by two decades for clarity.
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sample. The slopes of the C'(w) curves depend signific-
antly on temperature, and increase with rise in tem-
perature. This implies that the process responsible for
the observed rise in C’'(w) is temperature-activated.

The third region of the spectrum corresponding to
the lower frequencies shows a relatively slow rise in
C'(o). The flattening of the spectrum at lower frequen-
cies is understandable, as the behaviour is temper-
ature-dependent and shifts towards higher frequencies
with the increase in temperature. Hence, the frequency
range corresponding to this behaviour is under the
measuring window of our instrument at higher tem-
peratures, whereas, at low temperatures the frequency
is below the lower limit of our measurements
(1072 Hz). Although the flat region shifts towards
higher frequencies with the increase in temperature,
the corresponding slopes (0.35-0.46) show a small
variation with temperature (300-360 K). This implies
that the mechanism responsibie for this behaviour is
weakly temperature dependent.

The C"'(w) curves also give two different slopes for
different frequency range. At higher frequencies (above
1 Hz) the slopes are very steep, whereas below 1 Hz,
the increase in C”(w) with frequency is significantly
slow and the curves for C'(®) and C”(w) almost coin-
cide with each other.

The steep rise in C'(w) at higher frequencies is
weakly temperature-dependent. Below room tempera-
ture the slopes have same values (0.87), which are
significantly different from unity. Above room
temperature the corresponding slopes show increase
with temperature but still remain less than one. It may
be noted here that a unity slope of C"(®w) versus
frequency curve corresponds to a pure steady-state
conduction, which is not observed in our samples. The
increase in slopes of C"{w) curves with temperature
implies that the d. c. contribution increases with rise in
temperature and this contribution is almost negligible
below 200 K.

The total conductance is the sum of two compon-
ents: a pure d. c. conductance, G,, which is independ-
ent of frequency and a frequency-dependent conduct-
ance, G(w)

G(w) = G, + G(o) (3
L C"() = Glo = Gy/o + Go)/o (4)

Both G, and G(w) are temperature sensitive and hence
the total conductance increases with rise in tempera-
ture, as shown in Fig. 2, where values of log G at two
different frequencies are plotted against reciprocal of
temperature. The resulting straight lines show a good
Arrhenius plot with activation energy 0.39 eV.
Although a large dispersion in C'(®) is observed at
low frequencies, particularly at high temperatures,
exact parallelism between C'(») and C”(w) is not
found as required by Equation 2. This lack of para-
llelism between the real and imaginary capacitance
implies that the pure LFD process is perturbed by the
presence of other processes which can be sorted out by
transforming the data into the complex impedance or
admittance plots [13, 18]. The choice between Y- and
Z-plots as the correct representation depends upon
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Figure 2 Variation of conductance at ({J) 10 Hz and (O) 100 Hz
with temperature. The resulting straight lines on a semi-logarithmic
plot give activation energy E = 0.39 eV.

the nature of the particular response; for our data, Y-
plots are found to be more suitable. Typical admit-
tance plots for our samples at three different tempera-
tures are shown in Fig. 3. It is evident from Fig. 3 that
Y-plots consist of three elements which can be identi-
fied as follows:

(a) an almost vertical straight line (spike) at high
frequencies which dominates the low temperature
plots. With increase in temperature, the high-fre-
quency component of Y-plots appears as a spur and
finally it disappears at the highest temperature
(360 K);

(b) at lower frequencies a skewed semi-circle is
observed at all temperatures and the diameter of the
circle increases with the rise in temperature;

(c) at intermediate frequencies the low-temperature
data correspond to an almost flat element in the Y-
plane.

In Y-representation, a vertical straight line corres-
ponds to a loss-free (perfect) capacitor, and a skewed
semi-circle represents a series combination of a disper-
sive capacitor, C,, and an (imperfect) conductor, G.

In the light of these general features of admittance
representation, the high-frequency spike observed at
low temperatures represents the bulk conductance of
the sample and the behaviour is similar to an almost
loss-free capacitor. The conductance is a temperature-
dependent parameter and with rise in temperature the
ideal bulk response would shift towards much higher
frequencies, which is beyond the frequency range of
our measurements. Thus, in the high-temperature
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Figure 3 The complex admittance plots at three selected temper-
atures. (a) 250 K, (b) 320 K, (c) 360 K.

data, no straight line element in admittance plots is
observed.

At all temperatures the low-frequency data corres-
ponds to a series combination of an imperfect capaci-
tor, C,, and an imperfect conductor, G(m). n is the
measure of dispersiveness of C,, and is related to the
angle of inclination of the circular arc to the real axis,
and the diameter of the circular arc corresponds to the
value of G(w). For our samples, G is found to increase
with rise in temperature whereas, both C, and n are
almost temperature independent. This suggests that
the dispersive behaviour of C,, is intrinsic property of
the sample and is independent of temperature. It may
be possible that the glass—electrodes interface acts as
blocking capacitor. With rise in temperature, ionic
mobility will increase and will cause diffusion of these
ions across the interface. The higher the temperature,
the wider is the diffusion region. The diffusion process
can also be noted from the capacitance plots (Fig. 1),
where C'(w) and C"(w) curves coincide with each
other.

The almost flat Y observed at low temperatures
and intermediate frequencies represents a highly tem-
perature dependent dispersive element; with rise in
temperature it not only shifts to higher frequencies but
also changes into an inclined spur.
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Figure 4 Proposed equivalent circuit for the studied silver boro-
phosphate glass samples.

The above discussion suggests that the general re-
sponse of our samples can be represented by parallel
combination of three different components, as shown
in Fig. 4. C is an almost loss-free capacitor, X is a
temperature sensitive element, C,, is a dispersive capa-
citor with n ranging between 0.6 and 0.7, and G is an
imperfect conductor. The value of G is very low at low
temperatures and the total response is dominated by
C. At high temperature, G is relatively large and the
series combination of G(w) and C, becomes effective.
In fact, temperature shifts the whole response towards
higher frequencies and thus the effect of C is not
observed at high temperature as it is out of the upper
limit of our frequency range and the contribution of G
and C, (in series with each other) extends over the
whole frequency range.
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