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The first measurements are reported for the frequency-dependent (ac) conductivity (real as well as
imaginary parts) for various compositions of the bismuth-vanadate glassy semiconductors in the fre-
quency range 10?-10° Hz and in the temperature range 77-420 K. The behavior of the ac conduc-
tivity is broadly similar to what has been observed previously in many other types of amorphous
semiconductors, namely, nearly linear frequency dependence and weak temperature dependence.
The experimental results are analyzed with reference to various theoretical models based on
quantum-mechanical tunneling and classical hopping over barriers. The analysis shows that the
temperature dependence of the ac conductivity is consistent with the simple quantum-mechanical
tunneling model at low temperatures: however, this model completely fails to predict the observed
temperature dependence of the frequency exponent. The overlapping-large-polaron tunneling mod-
el can explain the temperature dependence of the frequency exponent at low temperatures. Fitting
of this model to the low-temperature data yields a reasonable value of the wave-function decay con-
stant. However, this model predicts the temperature dependence of the ac conductivity much
higher than what actual data showed. The correlated barrier hopping model is consistent with the
temperature dependence of both the ac conductivity and its frequency exponent. This model pro-
vides reasonable values of the maximum barrier heights but higher values of characteristic relaxa-
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tion times.

I. INTRODUCTION

Transition-metal oxide glasses have important semi-
conducting properties, which arise due to the presence of
transition-metal ions in more than one valency state!?
[e.g., V>* and V*7 in vanadate glasses]. The dc electrical
conduction in these glassy semiconductors was observed
to be due to the hopping of electrons or polarons from
the ion of low-valency state to the ion of high-valency
state of the transition metal.! = It was also observed that
at low frequencies and temperatures the frequency-
dependent (ac) conductivity showed a nearly linear fre-
quency dependence.*®” Some attempts>®~ ! were made
to study the low-frequency and low-temperature complex
conductivity of the transition-metal oxide glassy semicon-
ductors with the help of various theoretical models pro-
posed for the ac conduction in amorphous semiconduc-
tors.

The objective of the present work is to study the fre-
quency and temperature dependence of the ac conductivi-
ty of various compositions of the bismuth-vanadate
glassy semiconductors over the frequency (w/27) range
102-10° Hz and the temperature range 77-420 K. In
Sec. II various theoretical models proposed for the ac
conduction in amorphous semiconductors are briefly de-
scribed. Section III concerns the experimental pro-
cedure. The results are presented in Sec. IV and are ana-
lyzed in Sec. V with the help of models described in Sec.
II.

II. THEORETICAL MODELS

The total conductivity o,,(w) measured in a given ex-
periment at particular frequency w and temperature can
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be written as
Olw)=0(w)toy (1)

where g4, and o(w) are the dc and frequency-dependent
(ac) conductivities, respectively, and it is tacitly assumed
that the ac and dc conductivities are due to completely
different processes. When the ac and dc conductivities
arise due to the same process and o is simply o(w) in
the limit w—0, then the separation given in Eq. (1) is no
longer useful.

In many amorphous semiconductors and insulators,'
the ac conductivity invariably has the form

1

oglw)=Ao°, (2)

where A is a constant dependent on temperature and the
exponent s is generally less than or equal to unity. All
that is required to give this behavior is that the loss
mechanism should have a very wide range of possible re-
laxation times, 7. In particular, a nearly linear frequency
dependence of o(w) is predicted if the distribution of re-
laxation times n(7) is inversely proportional to 7, which
results if 7=r7yexp({) where { is a random variable and 7,
a characteristic relaxation time often taken to be an in-
verse phonon frequency, vp'h‘. Any departures from
linearity carry information on the particular type of loss
mechanism involved.

Many different theories'?!? for ac conduction in amor-
phous semiconductors have been proposed. It is com-
monly assumed that the pair approximation holds, name-
ly, the dielectric loss occurs because the carrier motion is
considered to be localized within pairs of sites. This is
the high-frequency limit of the general case where multi-
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ple hopping can occur between a number of centers in a
cluster. In essence, two distinct processes have been pro-
posed for the relaxation mechanism, namely, quantum-
mechanical tunneling and classical hopping over a bar-
rier, or some combination or variant of the two, and it
has been variously assumed that electrons (or polarons)
or atoms are the carriers responsible.

To compare the various models with the experimental
data, the detailed predictions of the temperature and fre-
quency dependence of the ac conductivity need to be ex-
amined and thus each approach is discussed below in
brief.

For the quantum-mechanical tunneling (QMT) model,
the random variable is {=2aR, where R is the intersite
separation and a ! is the spatial decay parameter for the
s-like wave function assumed to describe the localized
state at each site and it is commonly assumed that a is a
constant for all sites. Several authors®!'3717 have evalu-
ated, within the pair approximation, the ac conductivity
for single-electron motion undergoing QMT and obtained
the following expression:

o(w)=Ce’kyTa '[N(Ep)]*0R? , (3)

where C is a numerical constant which varies slightly ac-
cording to different authors, but may be taken as 7*/24
(Refs. 13, 15, and 17). N(Eg) is the density of states at
the Fermi level (assumed constant) and R, is the hopping
distance at a particular frequency w, given by

1
wr—zln(l/w’fo) . 4)

The frequency dependence of o(w) in the form of Eq. (2)
can be deduced using the relation

R

dIno(w)
—gnolwv) 5
d lnw ©)
and for the QMT model [Eq. (3)], this gives
—q___ 4
s=1 In(1/w1) -~ ©

The above results are obtained in a wide-band case, i.e.,
for Ag>>kpT, where A is the bandwidth. Thus for the
QMT model, the frequency exponent s is temperature in-
dependent but frequency dependent, and for typical
values of the parameters, namely, 7,~10"'3 s and
©=10* s, a value of s =0.81 is deduced from Eq. (6).

A temperature-dependent frequency exponent can be
obtained within the framework of the QMT model in the
pair approximation by assuming that the carriers form
nonoverlapping small polarons,'! i.e., the total energy of
a charge carrier is lowered by the polaron energy W, re-
sulting from the lattice distortion accompanying the oc-
cupation of a site by a carrier. Transport of an electron
between degenerate sites having a random distribution of
separations will, therefore, generally involve an activation
energy, the polaron hopping energy Wy~ Wp /2. In this
case, the frequency exponent becomes

4
In(1/w7y)— Wy /kgT

s=1

(7

Now it is noted that s is temperature dependent, in-
creasing with increasing temperature. It should also be
noted that a temperature-dependent frequency exponent
can arise from the simple QMT model if pair approxima-
tion breaks down, i.e., when the carrier motion occurs
within clusters.!® The tunneling distance at a frequency
o in the nonoverlapping-small-polaron model becomes

Rw=$[ln(l/w7'0)-WH/kBT] ®)

and the ac conductivity is given by Eq. (3), but with the
above expression for R,. The behavior of this model
might, at first sight, appear to be pathological in that s
can apparently become infinity at sufficiently high fre-
quency and/or low temperatures due to the hopping
length R, tending to zero, when the term in the square
brackets in the above expression [Eq. (8)] for R, tends to
zero. In practice, of course, the minimum value of R, is
equal to the interatomic spacing; for higher frequencies
or lower temperatures than given by the critical condi-
tions, the contribution to the overall ac conductivity due
to the small-polaron tunneling mechanism would tend to
zero.

Long'3 has proposed a mechanism for the polaron tun-
neling model where the large polaron wells of two sites
overlap, thereby reducing the value of polaron hopping
energy,>'®i.e.,

WH=WH0(1—rp/R)’ (ga)
where r,, is the polaron radius and Wy is given by
2
e”
= (9b)
HO
4e,r,

where ¢, is the effective dielectric constant. It is assumed
once again that Wy, is constant for all sites, whereas the
intersite separation R is a random variable. The ac con-
ductivity for the overlapping-large-polaron tunneling
(OLPT) model*? is given by

7 @R
olw)=—ce ,

12 20kp T+ Wyor, /R,

(10)

(kg T[N(Ep)P

where R, is the hopping length at a frequency w deter-
mined by the quadratic equation

(R}, +[BWyo+In(wry)IR, —BWyor, =0 , (11)

where R, =2aR,,, r,=2ar,, and B=1/kyT. The fre-
quency exponent s of o(w) in this model can be evaluated
as

_ 8aR,+6BWyer, /R,
(2aR ,+BWyor, /R,

(12)

Thus the OLPT model predicts that s should be both
temperature and frequency dependent. It can also be
seen from Eq. (12) that s decreases from unity with in-
creasing temperature. For large values of r,, S continues
to decrease with increasing temperature, eventually tend-

ing to the value of s predicted by the QMT model of non-



polaron forming carriers, whereas for small values of r[;, s
exhibits a minimum'? at a certain temperature and subse-
quently increases with increasing temperature in a similar
fashion to the case of small-polaron QMT.

The other type of process, which has been proposed for
the relaxation mechanism, is classical hopping over a bar-
rier (HOB), where the random variable is {=W /kgT.
For the case of atomic motion the following expression is
obtained!>!® for ac conductivity:

T szkB T

U(w)z—n—ﬁ/—o_Ao—

3 otanh(Ay/2kpT) , (13)

where 7 is a mean-field correction term, N is the number
of pair states per unit volume, p is the dipole moment as-
sociated with the transition, and it is assumed that the
energy difference between sites, A, is randomly distribut-
ed in the range 0 <A <A; and the barrier height is also
randomly distributed in the range 0 < W < W,. It is not-
ed from Eq. (13) that for this simple HOB model, the fre-
quency exponent of o(w) is predicted to be unity and is
independent of temperature and frequency. It might be
mentioned here that even for the case of atomic tunnel-
ing, an expression similar to Eq. (13) for o(w) is ob-
tained,?® again with s=1, if the dipole moment is un-
correlated with the tunneling distance.'

A model for ac conduction, which correlates the relax-
ation variable W with the intersite separation R, has been
developed initially by Pike?! for single-electron hopping
and extended by Elliott'>?? for two electrons hopping
simultaneously. For neighboring sites at a separation R,
the Coulomb wells overlap, resulting in a lowering of the
effective barrier from W,, to a value W, which for the
case of two-electron transition is given by'?

2e?
W=Wy— ,
M rree,R

(14)

where € is the dielectric constant of the material and ¢,
that of free space. The ac conductivity in this model,
termed the correlated barrier hopping (CBH) model,? in
the narrow-band limit (A, <<kgT) is expresed by

o
0(w)=ENzeeong , (15)

where N is the concentration of pair sites and R, is the
hopping distance given by
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— 2e?
@ 77'660[ WM + kB Tln( CL)To)] '

(16)

The frequency exponent s for this model is evaluated as!?
» 6k T
Wy +kpTin(wry) ’

(17

which to a first approximation reduces to the simple ex-
pression

Thus, in the CBH model a temperature-dependent ex-
ponent is predicted, with s increasing towards unity as
T—0 K, in marked contrast to the QMT or simple HOB
mechanism. In the broadband, i.e., low-temperature lim-
it (Ay>>kpT), N in the expression (15) is replaced by
NkyT /2A, and so an additional T? dependence of o(w)
is introduced.”® It should be mentioned that for the
single-electron CBH model the expressions (15) and (16)
are multiplied by § and the expression (17), however,
remains unaltered.

It might appear that the behavior of the CBH model is
also pathological in the same sense as discussed previous-
ly for the small-polaron QMT model. In this case, how-
ever, when the denominator of Eq. (16) tends to zero, R,
tends to infinity. However, long before this can occur,
the pair approximation breaks down, and the dc percola-
tion limit is reached with the result that the CBH model
is no longer valid.!?

Several developments of this theory have been made.
The assumption of randomly distributed centers used in
the derivation of Eq. (15) has been relaxed for the case of
melt-quenched chalcogenide glasses where pairing of
charged defects may occur. The result of this is an
enhancement of the frequent exponent s [Eq. (17)] by an
additional factor T /8T, where T, is the glass transition
temperature.?*

III. EXPERIMENTAL PROCEDURE

The samples were prepared from analar-grade V,0s
(Reanal, Hungary) and Bi,O; (E. Merck, Germany). A
proportionate mixture (Table I) of these chemicals was
melted in an alumina crucible.

The melt was held at 900°C in an electrical furnace for
two hours and was shaken frequently to ensure proper

TABLE I. Final glass compositions and some physical parameters of the bismuth-vanadate glassy

semiconductor.

Glass composition

(mol %) Density [V 1+[V4] [V4+] R s
V,05 Bi,0, (gem™?) (cm™?) (cm™%) (A) at 80 K
70.8 29.2 3.49 2.05X 107 7.69 X 10%° 3.65 0.93
75.6 24.4 3.40 2.12X10% 4.50x 10% 3.61 0.92
80.5 19.5 3.32 2.20X10% 4.21x10% 3.57 0.90
85.5 14.5 3.26 2.25X10% 4.00X 10%° 3.54 0.88
90.3 9.7 3.17 2.28 X102 3.96 X 10% 3.52 0.87
95.2 4.8 3.02 2.34X 107 3.75X 10%° 3.49 0.85
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mixing and homogeneity. The melt was then poured
onto an ice-cooled stainless-steel block and was pressed
immediately by a similar stainless-steel block. Quite
stable and homogeneous samples of thickness 0.5-1.0 mm
with glassy appearance were obtained.

The amorphous nature of the samples (as prepared as
well as annealed at 200°C for 2 hs) was confirmed by x-
ray diffraction (Phillips, model PW 1050/1051) and scan-
ning electron microscopy (Hitachi, model S-415A) stud-
ies.

For electrical measurements, disk-shaped samples of
diameter ~8-10 mm were cut and polished with very
fine lapping papers. The ac measurements were carried
out in a General Radio (model GR-1615A) capacitance
bridge which measures equivalent parallel conductance
and capacitance of a sample for frequencies (w/27) be-
tween 20 and 10° Hz in a three-terminal arrangement, us-
ing gold as electrode material. An evacuable chamber
was employed as a sample cell and was inserted inside a
cryostat for low-temperature measurements. Measure-
ments were made in the temperature range 77420 K
with a stability of +0.5 K.

The final composition of the samples and the concen-
trations of total vanadium ions were determined by a
redox-titration method.” The concentrations of the re-
duced V** ions were estimated from EPR spectra ob-
tained using a Varian E-12 X-band spectrometer. A sin-
gle crystal of copper sulphate pentahydrate was used as a
standard. The density of the samples was determined by
a displacement method. The average intersite separation
(R) (Table I) was obtained from the final composition
and density.

IV. RESULTS

Figure 1 shows the measured total conductivity o ,,,(w)
and also the dc conductivity o4 as a function of recipro-
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cal temperature at various frequencies for one glass com-
position (as prepared and annealed). From this figure it is
observed that, in common with other amorphous semi-
conductors, the temperature dependence of o, (w) is
much less than that of o4 at low temperatures, and is not
activated in behavior. However, at high temperatures the
temperature dependence of o,,(w) becomes strong and
its frequency dependence becomes small. Ultimately, the
measured conductivities at all frequencies coincide with
04, at higher temperatures. Similar behaviors were also
observed for other glass compositions, the only difference
existing in the temperature at which the measured con-
ductivity becomes equal to the dc conductivity. It is also
observed from Fig. 1 that the effect of annealing on the
conductivity is not significant for the present vanadate
glassy semiconductor.

The measured conductivity as a function of frequency
at various temperatures is shown in Fig. 2(a) for the same
glass composition as shown in Fig. 1. It is also evident
from this figure that the dc contribution is significant at
low frequencies and high temperatures, while the
frequency-dependent term dominates at high frequencies
and low temperatures. Figure 2(b) shows the frequency
dependent (ac) conductivity o(w) (real part), obtained by
subtracting the dc conductivity from the measured con-
ductivity, as a function of frequency at the same tempera-
ture and for the same glass composition as in Fig. 2(a).
The solid lines in Fig. 2(b) are the straight-line fit ob-
tained by the least-squares fitting procedure. The fre-
quency exponent s was computed from the slope of the
solid lines. In the investigated frequency range, frequen-
cy dependence of s was not observed, even at high tem-
peratures. Figure 3 depicts the frequency dependence of
the ac conductivity at 80 K for various glass composi-
tions. The frequency exponent s at 80 K, obtained by the
above fitting procedure, is shown in Table I, from which
it is observed that the frequency exponent decreases with
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=2 | o 1RHz
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FIG. 1. Measured total conductivity for the sample composition 80(V,05)-20(Bi,O;) shown as a function of inverse temperature at
four frequencies shown. The measured dc conductivity is also shown (Ref. 5). The effect of annealing at 200°C for 2 h is shown for

one frequency.
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FIG. 2. (a) Frequency dependence of the measured total con-
ductivity for the sample composition 80(V,05)-20(Bi,O3) at
several temperatures shown. The solid curves in this figure are
the fits made using the ac conductivity calculated from the CBH
model [Eq. (15)] and the measured value of the dc conductivity
4. (b) The frequency-dependent conductivity obtained by sub-
tracting the dc conductivity from the data shown in (a). The
solid lines are the straight-line fits obtained by a least-squares
fitting procedure.
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FIG. 3. The frequency-dependent conductivity, obtained by
subtracting the dc conductivity from the measured total con-
ductivity, at a fixed temperature (80 K) for the various glass
compositions, shown as a function of frequency. The solid lines
are the straight-line fits obtained by the least-squares fitting pro-
cedure as in Fig. 2(b).

the increase of V,0;5 content in the glass. Figure 4 shows
the temperature dependence of the frequency exponent s
for one glass composition. From this figure it is observed
that the frequency exponent decreases smoothly with in-
creasing temperature. Other glass compositions also
showed similar behaviors.

0.2 1 1 1 1 1 1
80 120 160 200 240 280 320

T(K)

FIG. 4. Temperature dependence of the frequency exponent s
for the sample composition 80(V,05)-20(Bi,0;), obtained by the
fitting procedure as in Figs. 2(b) and 3. The solid curve in the
figure is calculated using the CBH model [Eq. (17)], with the pa-
rameters given in Table IV, assuming a fixed frequency
0=10*s""
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V. DISCUSSIONS

A. Quantum-mechanical tunneling model

The mechanism of quantum-mechanical tunneling has
previously been applied to ac conductivity data for many
amorphous semiconductors without conspicuous success
and it turns out that the behavior of the present glass sys-
tem cannot be reconciled with this theory. Perhaps, the
most obvious discrepancy between experiment and theory
concerns the frequency dependence of s, the frequency
exponent of the ac conductivity. The QMT model [Eq.
(6)] predicts, in its simplest form, a value for s ~0.81, in-
dependent of temperature. However, it can be clearly
seen from Fig. 4 that the general trend for s is to decrease
with increasing temperature, thereby conflicting with the
prediction of the simple QMT model. For the QMT
model of the nonoverlapping small polaron, a tempera-
ture dependence of s is predicted, but it is of opposite sign
[Eq. (7)]. The simple QMT model also predicts that s
should decrease appreciably with increasing frequency.'?
No such variation was observed for the present glass sys-
tem in the investigated frequency range (10>-10° Hz).

Nevertheless, Eq. (3) suggests the temperature depen-
dence of the ac conductivity in the form o(w) < T" with
n=1. From the plot of log,,o(w) versus log,,T (Fig. 5)
for the vanadate glass, it is observed that the ac conduc-
tivity increases linearly with temperature [i.e., o(@) < T"
with n=1] over a considerable range of low temperature
(below 200 K). However, at higher temperatures the ac
conductivity starts to deviate from linearity, and the tem-
perature at which deviation from linearity starts, in-
creases with increasing frequency.

Fits to the experimental values of o(®) made using Eq.
(3) as a function of temperature are shown in Fig. 5. The
values of parameters used are shown in Table II. In the
fitting procedure, a fixed value of the decay constant
(~1.0 A ') and a fixed frequency (w/27=10* Hz) were
assumed. The values of 7, obtained in the fitting pro-
cedure, are larger by one order than the inverse phonon
frequency v;,l estimated from other experiments.’
Several authors''"?? have pointed out the uncertainty in
the values of N(Eg) from the ac data and it is believed
that the ac data usually give a higher value of N(E)
than that estimated by other techniques such as optical
absorption or photoinduced ESR.??

B. Overlapping-large-polaron tunneling model

The overlapping-large-polaron tunneling model pre-
dicts that o(w) should have a negative temperature
dependence of s at least at low temperatures [cf. Eq. (12)].
Thus at first sight, it appears that the OLPT model might
be a possible candidate theory to explain the data
presented here. In order to verify this, the frequency ex-
ponent s is plotted as a function of kzT /Wy, in Fig. 6.
The theoretical curves given by Eq. (12) are also drawn in
Fig. 6 for various values of the normalized polaron radius

’

r,. The best fit to the experimental points has been ob-

served for the values of Wy, shown in Table III. As seen
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TABLE II. Parameters for various glass compositions, ob-
tained by fitting low-temperature ac data to the QMT model.

Glass composition

mol % 7o N(Ep)
V,0s (s) eV~ 'em™?)
70.8 6.3x107"2 7.60X 10%°
75.6 7.5X107"2 9.75Xx 102
80.5 9.0X 10712 1.56 X 10%!
85.5 2.1x1071 1.71 X 10*!
90.3 3.6Xx107 1 1.81x10?
95.2 6.8x107 1 2.18%10?!

from Fig. 6, the experimental values of s reside between
the theoretical curves for r,=1.4 to 3.0 at low tempera-
tures.

The polaron radius r, can be calculated from Eq. (9a)
from the known values of the average intersite separation
R and polaron hopping energy Wy. The polaron hop-
ping energy may be assumed approximately equal to the
high-temperature activation energy W (Table III) for dc
conduction.® Knowing r,, the decay constant can also be
estimated from the relation r,; =2ar,. The estimated
values of a (shown in Table III) are in good agreement
with the values obtained from the analyses of the dc con-
ductivity data.>*® But the estimated values of r, (Table
III) is smaller than the vanadium site spacing R (Table I),
which appears to be inconsistent with the basic premise
of overlapping polarons.

However, at higher temperatures the experimental
points do not lie between the theoretical curves and it has
been observed that the decrease of s with increasing tem-
perature is higher than what is predicted by the OLPT
model.

The OLPT model [Eq. (10)] also predicts the frequency

-6-0
°
°
-7-0+ [ )
= I =
T 100 kHz -
5 W o &
T -8oOF  _am=—-
o -
3 M a ©
s v -
b5 -Q-OM_‘O
o
g o .
—10-0—M
-1.0 1 1 1 L 1
1.9 20 21 22 23 2-4 25
log 0T (K)

FIG. 5. Temperature dependence of the frequency-dependent
conductivity, obtained by the subtraction procedure as in Figs.
2(b) and 3, for the sample composition 80(V,0s)-20(Bi,0,),
plotted double logarithmically. The solid lines are the fits made
using the QMT model [Eq. (3)].
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FIG. 6. The frequency exponent s for various glass compositions shown as a function of kg3 T/Wy,. The solid curves are calculat-
ed from the OLPT model [Eq. (12)] for a fixed value of In(wry)= —20 and for various values of the normalized polaron radius r,
shown.

dependence of s. A detailed analysis shows that in the
low-temperature region (kT /Wy,<0.04-0.05) s
should increase with frequency. The effect is small at low
temperatures. For example, for kz T /Wy,=0.01-0.05,
As=0.01-0.05 when frequency changes by six orders of
magnitude. An opposite and more significant behavior
should be observed in the high-temperature region
(kgT/Wyo>0.05) where s changes with frequency. In
the present experiment, the change in frequency did not
exceed three orders of magnitude and the frequency
dependence of s was not observed.

Regarding the temperature dependence of o(w): the
OLPT model predicts a considerably stronger tempera-
ture dependence in the temeprature regime where the fre-
quency exponent s is a decreasing function of tempera-

ture. The functional form of the temperature dependence
of o(w) predicted by the OLPT model [Eq. (10)] is com-
plicated and cannot be expressed simply as o(w)xT"
with n constant over a wide temperature range. Never-
theless, at low temperatures (kg T /Wy, <0.04-0.05) the
hopping length R has an approximately constant tem-
perature dependence, R, ~ T!? (for r,=2.5) and inser-
tion of this into Eq. (10) yields o(w) < T for the uncorre-
lated case. This is obviously at variance with the much
weaker temperature dependence exhibited by the low-
temperature data of the present work (Fig. 5) and even if
the correlated form'® of the OLPT model is used, the
dependence is predicted to decrease only to o(w)x T4
Thus the temperature dependence of the ac conductivity
is not met in the framework of the OLPT model.

TABLE III. Parameters obtained from the OLPT model for various glass compositions at low tem-

peratures.
Glass composition Who Wyt s @
mol % V,0s r (eV) eV) (A) (A7

70.8 3.0 0.61 0.338 1.63 0.92
75.6 2.5 0.57 0.326 1.55 0.82
80.5 20 0.53 0.317 1.43 0.73
85.5 1.6 0.52 0.310 1.42 0.59
90.3 1.4 0.50 0.301 1.40 0.56
95.2 1.4 0.48 0.288 1.39 0.52

?From Reference 5.
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C. Correlated barrier hopping model

The correlated barrier hopping model [Eq. (15)] pre-
dicts that o(w) should behave, in some respects, in a
similar manner to the OLPT model, namely, it should
have a negative temperature dependence of the frequency
exponent s and therefore it might be a possible contend-
ing theory for the ac conduction in the present vanadate
system.

A critical test for the CBH model comes from the tem-
perature dependence of the ac conductivity and its fre-
quency exponent s. Fits to the experimental values of s as
a function of temperature for one glass composition,
made using Eq. (17), are shown in Fig. 4. The values of
the parameters used in calculating the curves are those
given in Table IV. A fixed frequency (w=10*s"') has
been assumed for all glass compositions. From this
figure, it is observed that the fit appears to be reasonable
over a considerable temperature range. In Fig. 2(a), the
measured total conductivity, o, (@), is fitted to the mea-
sured values of the dc conductivity plus the ac conduc-
tivity calculated from Eq. (15) given by the CBH model,
using W), and 7, as variable parameters. The concentra-
tion of V** ions (Table I) is used for the values of N. The
calculated curves are scaled so as to fit the value of
O(®) at @=27X10° s~! for the lowest temperature.
The values of W,, and 7, obtained by the fitting pro-
cedure for various glass compositions, are collected in
Table IV. The values of W,, are close to twice the value
of high-temperature activation energy for dc conduction.’
Similar results were also obtained from the simple HOB
model for the tellurium vanadate system.10 However, the
values of 7, appear reasonably larger than those which
would be expected for typical inverse phonon frequency.’
Such a discrepancy is expected when the lattice relaxa-
tion effects are important'? as we believe to be the case
here.

D. Imaginary parts of the ac conductivity

Thus far, the real part of the ac conductivity [hence-
forth denoted by o,(w)] has been considered only
neglecting the imaginary part [denoted by o,(w)] of the
conductivity, which is related to the dielectric constant.
Although the real and imaginary parts of the conductivi-
ty are related via the Kramers-Kronig relation, valuable
information can be lost if o,(w) is neglected. In particu-
lar, models for ac conduction also make specific predic-
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tions concerning the dielectric constant, and the compar-
ison of theory and experiment is straightforward, since
capacitance measurements are inherently much more ac-
curate than conductance measurements when made using
a conventional bridge technique.

The total measured capacitance C,,(w), like the con-
ductance, can be decomposed into two components, a
dispersive term C(w) and a nondispersive term C , viz.

Ciol@)=Cl)+C,, . (19)

These two components arise from different processes,
C, being due to high-frequency atomic and dipolar vibra-
tional transitions, whereas C(w) is determined by the loss
mechanisms. Several methods'® of eliminating the non-
dispersive component exist, e.g., measurements at high
frequency, adjustment of C_ until the resulting C(w)
obeys a power-law dependence or numerical
differentiation of the capacitance data whereupon the
constant terms involving C_, drop out. Thus if the
dispersive part of the capacitance obeys the power law

Clo)xw® ™! (20)

(where s’ is not equal to s), a plot of log,o[ —dc /d(Inw)]
versus log,qw should yield a straight line of slope s’ —1.
This differentiation technique has been used in the
present work to determine C(w). The ratio of the imagi-
nary to the real part of the conductivity is then calculated
from the relation

oy w)/o(w)=oC(w)/Glw) , 21

where G(w) is the conductance at frequency w.

It has been shown'3 that the quantity o,(w)/0 (@) has
a characteristically different functional form for the vari-
ous mechanism of dielectric relaxation. Thus for the
QMT model,

o,(w)/o(w)=—(2/5m)In(wT,) , (22)

and for the CBH model, to a first approximation (for
small kg T /Wy,)

TABLE IV. Parameters obtained by fitting with the CBH model for various glass compositions.

Glass composition To Wy N
mol % V,0s (s) (eV) (cm™?)
70.8 3x10~ 1 0.70 7.69 X 10%
75.6 5x10° 1 0.67 4.50%x10%°
80.5 gx 107" 0.64 421x%10%
85.5 2x1071° 0.63 4.00% 10%°
90.3 5%1071° 0.61 3.96 X 102
95.2 6Xx10710 0.58 3.75%10%
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FIG. 7. Ratio of the imaginary and the real parts of the ac conductivity [o,(®) /0 (0)=wC(w)/G(w)] for the sample composition
80(V,05)-20(Bi,0;) at two temperatures shown. The solid curves represent the behavior of 0,(w)/0,(w) predicted by the CBH mod-

el [Eq. (23)].

oy)w)/o(w)
=—2/mIn(wt))[1+3ky T /Wy )In(wry)] .
(23)

It may be noted that Eq. (23) predicts a temperature
dependence for 0,(w)/0(w), whereas Eq. (22) does not.
For the OLPT model, o,(w)/0(w) behaves like that for
the simple QMT model at high temperatures, whereas at
low temperatures the behavior is similar to that exhibited
by the CBH model.

In Fig. 7 the experimental data for o,(w)/0,(w) [cal-
culated from Eq. (21)] are plotted versus log,qw for one
glass composition at two temperatures. It is observed
that o,(w)/0 () is temperature dependent which im-
plies the simple QMT model is not applicable. Also
shown in the figure are the curves corresponding to the
prediction of the CBH model [Eq. (23)], drawn using the
same values of the parameters W), and 7, (Table IV) al-
ready deduced from the fitting of the real part of the con-
ductivity to the CBH model. The fit between theory and
experiment may be regarded as good, bearing in mind
that no extra variable parameters are used in the calcula-
tion of o,(w)/0(w) from Eq. (23). The qualitative be-
havior of the frequency and temperature dependence of
o,(w) /0 () is reproduced by the CBH model and the
magnitude is correct to within 10%. The discrepancy is
ascribed to the fact that Eq. (23) is only approximate;
higher-order terms become important at high tempera-
tures. It should be noted that the fits to o,(w) /0 (®) are
very sensitive to the values of the parameters used (e.g.,
7o and W),) and are more sensitive than the fits made to
just the real part of the ac conductivity.

VI. CONCLUSIONS

The real and imaginary parts of the frequency-
dependent (ac) conductivity of the bismuth-vanadate
glassy semiconductors have been presented, for the first
time, in the frequency range 10°-10° Hz and in the tem-
perature range 77-420 K. Analysis of the ac data in the
light of the various theoretical models (described in Sec.
II) shows that the CBH model is the most appropriate for
explaining quantitatively the frequency and temperature
dependence of the ac conductivity and its frequency ex-
ponent. The parameters obtained by fitting the experi-
mental data to this model appear reasonable. Although
the QMT model fails to predict the temperature depen-
dence of the frequency exponent, it is consistent with the
temperature dependence of the ac conductivity at low
temperatures. The temperature dependence of the fre-
quency exponent is in agreement with the OLPT model
at least in the low-temperature range. The OLPT model
yields reasonable values of the decay constant. However,
this model predicts temperature dependence of the ac
conductivity which is much stronger than the experimen-
tal data showed.
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