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Abstract

We have studied the frequency dependent conductivity of the semiconducting cadmium
vanadate glasses of compositions x V,05—(1 — x)CdO where x = 0.6, 0.7, 0.8 and 0.9 in the
temperature range 93—423 K and in the frequency range 10 Hz—2 MHz. We have observed
sub-linear frequency dependence and weak temperature dependence of the ac conductivity. We
have analyzed the experimental results in the framework of various theoretical models based on
quantum mechanical tunneling and classical hopping over barriers. It has been observed that the
temperature and frequency dependence of the ac conductivity is consistent with the overlapping
large polaron tunneling model, while the classical barrier hopping models fail to interpret

the data.

1. Introduction

Transition metal oxide glasses show semiconducting properties
which arise from the presence of more than one valence
state of the transition metal ions [1-3]. These glasses have
drawn much attention due to their possible application as
optical and memory switching devices, etc [4-7]. The dc
electrical conduction in these semiconductors was observed
to be due to the hopping of either electrons or polarons
with strong temperature dependence of the corresponding
activation energy [8—14]. The frequency dependent loss in
amorphous semiconductor containing transition metal ions has
also been studied [15-21]. However, it becomes the subject of
much controversy depending on the materials studied and the
temperature range considered [15-17]. It was observed in most
studies [15-21] that the frequency dependent ac conductivity in
amorphous semiconductor shows an approximately sub-linear
frequency dependence at low frequencies and temperatures.
Several models [1, 3, 22-24] based on the relaxation caused
by the hopping or tunneling of electrons (polarons) or atoms
between equilibrium sites have been developed to explain the
frequency and temperature dependence of the ac conductivity
in different limited temperature ranges. However, it still needs
more insight on hopping mechanisms in these materials. The
objective of the present work is to study comprehensively the
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frequency dependent ac conductivity of a glass series prepared
using V,0s5 as network former and CdO as network modifier,
in the frequency range 10 Hz-2 MHz and in the temperature
range 93-423 K, and to determine the mechanism for the ac
conductivity by examining the observed experimental results in
terms of the existing theoretical models. We have observed that
the tunneling of the overlapping large polarons is the dominant
mechanism for the ac conductivity in these glasses.

2. Experiment

Glass samples of compositions xV,0s5—(1 — x)CdO where
x = 0.6, 0.7, 0.8 and 0.9 were prepared using the chemicals
CdCO; (Loba Chemie 99.9% pure) and V,05 (Loba Chemie
99% pure). The appropriate amounts of these chemicals were
thoroughly mixed and preheated in an alumina crucible at
450°C for 2 h for calcination of CdCO3. The mixtures were
then melted in the temperature range from 800 to 900°C
depending upon the composition. The melts were equilibrated
for 30 min and quenched between twin rollers rotating in
opposite directions. Black colored glass samples of thickness
~0.1 mm were obtained for x = 0.6-0.9. The amorphous
nature of the prepared samples was confirmed from the x-
ray diffraction (Seifert, model 3000P) studies of the powdered
samples. For electrical measurements, gold electrodes were
deposited on both surfaces of the polished samples of diameter

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Frequency dependence of the measured total
conductivity at different temperatures (shown in the inset) for
0.7V,05-0.3CdO glass composition. (b) A comparison of the total
conductivity for different cadmium vanadate glasses at 303 K.

~10 mm. Electrical measurements such as ones of the
capacitance and conductance of the samples were carried out
in the frequency range 10 Hz—2 MHz using an RLC meter
(QuadTech, model 7600) interfaced with a computer and in the
temperature range 93—423 K. The ionic contribution to the total
conductivity for different glass compositions was determined
using Wagner’s polarization technique [25] and was found
negligibly small.

3. Results and discussion

The frequency dependence of the measured total conductivity
Oporal(w) of a glass sample 0.7V,05-0.3CdO at different
temperatures is shown in figure 1(a). It is observed that
at low frequencies the conductivity is independent of the
frequency and corresponds to the dc conductivity og. [10].
The frequency dispersion starts at a higher frequency as the
temperature is increased. Other glass compositions also show
similar behavior. In figure 1(b) a comparison of the frequency
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Figure 2. (a) Measured total conductivity for 0.7V,05-0.3CdO glass
composition, shown as a function of inverse temperature at three
different frequencies shown. The measured dc conductivity for the
glass composition is also shown [10] in the figure. (b) A comparison
of total conductivity at 100 kHz for different cadmium vanadate
glasses shown as a function of inverse temperature. The solid lines in
both figures are the best fits obtained from the overlapping large
polaron model (equation (7)).

dependence of the measured conductivity at room temperature
(T = 303 K) is shown for different glass compositions. It is
observed that the conductivity decreases with the increase of
CdO content in the glasses.

The measured conductivity of the glass composition
0.8V,05-0.2CdO at three fixed frequencies is shown in
figure 2(a) as a function of reciprocal temperature. The dc
conductivity og. from the earlier report [10] is also included for
comparison. At low temperatures the temperature dependence
of Oyora1 () 1s much less than that of o4, and is not activated in
nature. The value of oy (@) is also substantially higher than
that of the dc conductivity. However, at higher temperatures
the temperature dependence of oy (@) becomes strong and
its frequency dependence becomes small and they almost
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Figure 3. The frequency dependent ac conductivity for the
composition 0.7V,05-0.3CdO, obtained by subtracting the dc
conductivity from the measured total conductivity, are shown at
different temperatures. The solid lines are the least squares straight
line fits of the data.

coincide with og.. Similar behavior is observed for the other
glass compositions with only difference in the temperature
at which the measured conductivity becomes equal to the dc
conductivity [10]. In figure 2(b) the variation of the measured
conductivity at 100 kHz is shown for different compositions.
The detailed analysis of the conductivity is discussed later in
the framework of the appropriate theoretical models.

In general, it has been observed that the measured total
conductivity within a fixed frequency window can be expressed
as [3, 22]

Ol (@) = o' () + 04c )

where o'(w) is the ac conductivity and og. corresponds to
the frequency independent dc conductivity. A frequency
dependent ac conductivity o’(w) has been observed in
semiconducting glasses containing transition metal ions similar
to many amorphous semiconductors [22] and invariably has the
form [26]

o'(w) = Aw’ )

where A is a constant dependent on temperature and the
exponent s is generally equal to or less than unity.

Figure 3 shows the frequency dependent (ac) conductivity
o'(w) (real part) for different temperatures, obtained by
subtracting the dc conductivity from the measured total
conductivity, for the same composition as is shown in
figure 1(a). The solid lines are the least squares fits of the
ac conductivity data, which according to the equation (2)
give the value of frequency exponent s. The variation of s
with temperature is shown in figure 4, which indicates that s
decreases with increasing temperature. However, no frequency
dependence of s was observed in the investigated frequency
window. It is also observed that the frequency exponent does
not show any systematic variation with the CdO content.
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Figure 4. (a) The frequency exponents s for different cadmium
vanadate glasses are shown as functions of temperature. The solid
curves are the best fits obtained from the overlapping large polaron
model (equation (9)). (b) The fits of the frequency exponent data to
the classical barrier hopping model (equation (13)).

Now, the specific mechanism for the ac conductivity
operating in the present system can be obtained by analyzing
the predictions of the temperature dependence of the ac
conductivity and its frequency exponent in the framework
of various existing models based on quantum mechanical
tunneling and hopping over barriers of charge carriers.
Several authors [2, 3, 23] have evaluated, within the pair
approximation, the ac conductivity for single-electron motion
undergoing quantum mechanical tunneling and obtained an
expression for s as

s =1—4/1In(1/w), 3)

where 1 is a characteristic relaxation time, often taken as the
inverse of the optical phonon frequency. Equation (3) shows
that s (about 0.81) is temperature independent but frequency
dependent. Thus, this model is unable to explain the observed
experimental results presented in figure 4.

A temperature dependent frequency exponent has been
obtained within the framework of the quantum mechanical



J. Phys.: Condens. Matter 20 (2008) 035203

A Ghosh et al

tunneling model in the pair approximation by assuming that
the carriers form non-overlapping small polarons [23], i.e.,
the total energy of a charge carrier is lowered by the polaron
energy Wp resulting from the lattice distortion accompanying
the occupation of the site by the carrier. The transpose of an
electron between degenerate sites having random distribution
of separations will generally involve an activation energy, the

polaron hopping energy Wy =~ Wp/2. In this case, the
frequency exponent becomes
s=1—-4/[In(1/wtg) — Wu/kgT]. 4

Now it is noted that s is temperature dependent, increasing with
temperature. But this is contrary to the experimental results
for s (figure 4) showing a decreasing trend with increasing
temperature.

A mechanism for the polaron tunneling, where the polaron
energy is derived from polarization changes in the deformed
lattice as in ionic crystals and glasses was proposed by
Long [3]. The resultant excitation is called a large or dielectric
polaron. Because of the long range of the Coulomb interaction,
its well will extend over many interatomic distances and
overlap with the wells of other sites. This has important
consequences for the frequency dependent loss because the
activation energy associated with charge transfer between the
overlapping sites reduces [2, 3] according to
"p

=) 5)

WH:WHO< R

where r}, is the polaron radius and Wy is given by
Who = 6’2/48prp (6)

where ¢, is the effective dielectric constant. It is assumed that
Whyo is constant for all sites, whereas the intersite separation R
is a random variable. The ac conductivity for the overlapping
large polaron tunneling model [23] is given by

7 (kg T)*[N(Ep)*0R?
12 2()[kBT + WHorp/RLZU

(N

o(w) =

where R, is the hopping length at a frequency w determined
by the quadratic equation

R’ + [BWho + In(ww)IR,, — BWhor, =0 (8)

where o is the inverse localization length and R/ = 2«R,,

r, = 2ary and B = 1/kgT. Using the above expressions for

the dependence of the conductivity on R,,, it is straightforward
to evaluate an expression for s:
8aR, + 6WHorp/kaBT

=1- . 9
: [2aR., + Whory/Roks T1? ®

Thus this model predicts that s is a decreasing function of
temperature. For large values of rl/), s continues to decrease
with increasing temperature, eventually tending to a value of s
predicted by the simple quantum mechanical tunneling model
of non-polaron forming carriers, whereas for small values of 7/,
s exhibits a minimum [23] at a certain temperature in a similar

Table 1. Parameters obtained from fits of the real part of ac
conductivity and frequency exponent to the large polaron tunneling
model for the xV,05—(1 — x)CdO glasses.

WHO N(EF)

V) i) a@) 06 eV~ em™?)
x  (£0.01) (£0.02) (£0.02) (£0.05x 10~'3) (£0.05 x 10%)
09052 424 101  278x 1073 227 x 107
08050 305 153  274x1073  2.83 x 107
07053 284 121  247x1077  255x 102
06052 154 111 158x1077% 287 x10%

fashion to the case for the small polaron quantum mechanical
tunneling model. Thus, it appears that the overlapping large
polaron tunneling model might be an appropriate theory for
explaining the data presented here.

The experimental data for oy, (w) at different fixed
frequencies are fitted to the ac conductivities calculated from
equation (7) plus the dc conductivity (equation (1)). In the
calculation we have used the value of 7 (table 1) obtained from
infrared spectra [10]. The best fits of the total conductivity
data for different frequencies are exhibited as solid lines in
figure 2. Reasonable fits are also observed for other glass
compositions. The values of the parameters obtained from
the best fits for different compositions are shown in table 1.
It may be noted that the values of the hopping energy are
consistent with the high temperature activation energy of the dc
conductivity [10]. The values of the inverse localization length,
the density of states at the Fermi level and other parameters
are also reasonable for localized states [23]. In figure 4(a) the
frequency exponent s is also fitted to equation (9). The best fit
of the experimental points is observed for the same values of
the parameters (table 1) as are obtained from the best fits of the
total conductivity.

The overlapping large polaron tunneling model (equa-
tion (9)) also predicts the frequency dependence of s. A
detailed analysis shows that in the low temperature region
(kgT/Who < 0.04-0.05), s should increase with frequency.
An opposite and more significant behavior should be observed
in the high temperature region (kg7 /Wnho > 0.05). In the
present work, significant frequency dependence of s was not
observed.

The experimental data presented here can also be analyzed
in terms of classical barrier hopping models [22, 24]. The
barrier hopping models, which correlate the relaxation variable
W with the intersite separation R, were developed initially
by Pike [24] for single-electron hopping and later extended
by Elliott [22] for two electrons hopping simultaneously. For
neighboring sites at a separation R, the Coulomb wells overlap,
resulting in a lowering of the effective barrier height from Wy
to a value W, which for the case of one electron transition is
given by [24]

(10)

The ac conductivity (real part) in this model in the narrow band
limit is expressed by

W=Wu-— ez/neeoR.

3
_ T2 56
o1(w) = ﬂN wR, €€y

an
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where N is the concentration of pair sites and R,, is the hopping
distance given by

R, = ¢*/meeo| Wy + kg T In(w1o)]. (12)

The frequency exponent s for this model is evaluated as [15]

s =1—06kgT/[Wm + kpT In(wtp)]. (13)
Thus, the barrier hopping models predict a temperature
dependent exponent with s decreasing with increasing
temperature similar to the experimental data presented in
figure 4. We have tried to fit equation (13) to the experimental
data in figure 4(b). It may be noted that the experimental
data and the prediction of the barrier hopping models do
not agree. Also reasonable fits of the experimental data to
the barrier hopping model based on two electrons hopping
simultaneously [22] were not obtained.

Thus, out of several models discussed above, the large
polaron tunneling model is the best for interpreting the ac
conductivity of the present cadmium vanadate glasses. But
why this particular model is suitable for the present system is
not clear at present due to the absence of adequate knowledge
of the local structure of these glasses. A preliminary structural
study [10] of these glasses reveals that CdO drastically changes
the layer structure of V,05 giving a strong dependence of the
vanadium site spacing on the CdO content and thus suggesting
non-overlapping of site potentials. However, detailed studies
of the local structure can reveal the situation. The ac results
for the present glasses can be compared with those for the
conventional x V,0s5—(1—x)P,05 glasses [16]. It was observed
that the large polaron tunneling model [3] could adequately
explain the frequency and temperature dependences of the ac
conductivity of the xV,05—(1 — x)P,Os glasses [16] being
similar to those for the present glasses, although the dc
conductivity mechanism for these glasses [12] is different from
that of the present glasses [10]. Thus the effect of the structure
on the ac electrical properties is no so significant, in contrast to
the case for the dc electrical properties of these glasses.

4. Conclusions

The frequency dependent (ac) conductivity of the cadmium
vanadate semiconducting glasses has been investigated in the

frequency range 10 Hz-2 MHz and in the temperature range
93-343 K. Of the various theoretical models for ac conduction
in amorphous semiconductors, the overlapping large polaron
tunneling model is consistent with the ac conductivity and
its frequency exponent. Fits using this model are in good
agreement with the experimental data for all measurement
temperatures and frequencies. Other models such as simple
quantum mechanical tunneling of electrons and the classical
barrier hopping models did not agree with the experimental
data.
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