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ac relaxation in silver vanadate glasses
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~Received 8 August 2003; published 11 December 2003!

The frequency dependent ac conductivity of semiconducting silver vanadate glasses has been studied in the
temperature range 87–423 K and in the frequency range 10 Hz–2 MHz. The experimental results have been
analyzed with reference to various theoretical models based on quantum mechanical tunneling and classical
barrier hopping. The analysis shows that the temperature dependence of the ac conductivity is consistent with
the overlapping large polaron tunneling model at temperatures below 275 K in the measured frequency range.
The frequency exponent data show a departure from the theoretically expected values above 275 K. A scaling
of the conductivity spectra with respect to temperature is attempted for these glasses at high temperatures. It is
observed that at temperatures above 275 K the conductivity spectra show a time-temperature superposition
principle consistent with the temperature independence of the frequency exponent in this temperature region.
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I. INTRODUCTION

The general condition for the semiconducting behavior
the oxide glasses containing transition metal ions is that
transition metal ions should be capable of existing in m
than one valence state~e.g., V15 and V14 in vanadate
glasses! so that conduction can take place by the transfe
electron from low to high valence state.1–3 Like many other
amorphous materials,1,3,4 a frequency dependence of the
conductivity and loss has been observed in semiconduc
glasses containing transition metal ions,5–7 and has been the
subject of much controversy. The dc electrical conduction
this semiconducting glasses was observed to be due to
hopping of either electrons or polarons with a strong te
perature dependence of the corresponding activa
energy.8–12 It was observed that at low temperatures, the
conductivitys(v) at frequencyv behaves asvs where the
frequency exponents is generally less than or equal to uni
and dependent on the temperature. Several models1,3,4 based
on the relaxation caused by the hopping or tunneling of e
trons ~polarons! or atoms between equilibrium sites ha
been developed to explain the frequency and tempera
dependence of the ac conductivity ands within different lim-
ited temperature ranges. However, fewer studies5,6,10,13,14

were made on the frequency dependent conductivity of tr
sition metal oxide semiconducting glasses in light of the
existing theoretical models. In this present work, we ha
made a comprehensive study of the frequency and temp
ture dependence of the ac conductivity of various comp
tions of silver vanadate semiconducting glasses over the
quency range 10 Hz–2 MHz and the temperature range
2423 K.

II. EXPERIMENT

Glass samples of compositionsxV2O52(12x)Ag2O,
where x50.5, 0.6, 0.7, and 0.8, were prepared by melt
the AgNO3 (99.9%) and V2O5 (99%). The appropriate
amounts of AgNO3 and V2O5 powders were thoroughly
mixed and preheated in an alumina crucible at 450 °C fo
h for calcination of AgNO3. The mixtures were then melte
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in the temperature range from 900 to 1000 °C depend
upon the composition. The melts were equilibrated for
min and quenched between two plates. Glass sample
thickness;0.1 mm were obtained forx50.520.8. The
samples were annealed at 150 °C for 1 h. The absenc
crystallinity was verified by x-ray diffraction~Seifert, model
3000P) studies. The density of the samples was measure
Archimedes’ principle using acetone as an immersion liqu
The total vanadium ion concentration~N! was estimated
from the glass composition and density. For electrical m
surements, gold electrodes were deposited on both surf
of the polished samples of diameter;10 mm. The electrical
measurements such as capacitance and conductance o
samples were carried out in the frequency range 10
22 MHz using a RLC meter~QuadTech, model 7600) in
terfaced with a computer in the temperature range 872423
K. The ionic contribution to the total conductivity for differ
ent glass compositions was determined using Wagner’s
larization cell technique.15 We observed that the ionic contr
bution to the total conductivity was;0.2%. Thus the
measured conductivity was primarily electronic in nature.

III. RESULTS AND DISCUSSION

The measured conductivitys total(v) of 0.6V2O5
20.4Ag2O glass composition for four fixed frequencies
shown in Fig. 1~a! as a function of reciprocal temperatur
The variation of the dc conductivitysdc with the temperature
is also included in this figure. At low temperatures, the te
perature dependence ofs total(v) is much less than that o
the dc conductivitysdc and is not activated in nature. How
ever, at high temperatures the temperature dependenc
s total(v) becomes strong and its frequency dependence
comes small. At higher temperatures the conductivity for
frequencies almost coincides withsdc . The conductivity at
higher frequencies tends to coincide withsdc at higher tem-
peratures. A similar behavior was observed for the ot
glass compositions with a difference in the temperature
which the measured conductivity becomes equal to the
conductivity. In Fig. 1~b! the temperature dependence of t
©2003 The American Physical Society02-1
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conductivity at 100 kHz for all the compositions is shown.
is observed that the conductivity is the highest for tho
glasses with the highest V2O5 content. The above result
have been analyzed below in light of appropriate theoret
models.

For several low mobility amorphous and crystallin
materials1 a frequency dependent real ac conductivity h
been observed to follow the relation

s8~v!5Avs, ~1!

whereA is a constant dependent on temperature and the
ponents is, generally, equal to or less than unity. In partic
lar, an approximately linear frequency dependence ofs8(v)
is predicted if the distribution of relaxation times is inverse
proportional to relaxation timest. Any departure from lin-
earity carries information on a particular type of loss mec
nism involved. However, recent investigations showed v

FIG. 1. ~a! Measured total conductivity for the sample comp
sition 0.6V2O520.4Ag2O shown as a function of inverse temper
ture at four frequencies shown. The measured dc conductivit
also shown~Ref. 12!. ~b! Measured total conductivity for the
sample compositionsxV2O52(12x)Ag2O for x50.8, 0.7, 0.6,
and 0.5 as a function of inverse temperature at the 100-kHz
quency shown. The solid lines in both cases are the best fits to
overlapping large polaron model@Eq. ~7!#.
22420
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ues of s larger than unity in some cases.16,17 It should be
noted that what is measured in a given ac experiment is
total conductivitys total(v) of the sample at a particular fre
quency and temperature. In general, this can be written4

s total~v!5s8~v!1sdc . ~2!

It is tacitly assumed that the dc and ac conductivities a
from completely different processes. Figure 2~a! shows
the frequency dependent conductivitys8(v) ~real part!, at
different temperatures for the glass compositi
0.6V2O520.4Ag2O, obtained by subtracting the dc condu
tivity from the measured total conductivity, as a function
frequency. In Fig. 2~b! the above variation is shown for dif
ferent silver vanadate glass compositions at a fixed temp
ture of 133 K. The solid lines are the least square strai
line fits of the ac conductivity data, the slope of which a
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e-
he

FIG. 2. ~a! The frequency-dependent real ac conductivity, f
0.6V2O520.4Ag2O glass composition obtained by subtracting t
dc conductivity from the measured total conductivity, shown a
function of frequency at different temperatures shown in the in
~b! The frequency-dependent real ac conductivity, at a fixed te
perature (133 K! for the various compositions as in Fig. 1~b!,
shown as function of frequency. The solid lines in both cases are
least-squares straight line fits.
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cording to Eq.~1! gives the values of the frequency expone
s. It can be seen in Fig. 3 thats decreases from close to unit
to an almost fixed value with increasing temperature.
is also observed in Fig. 3 thats increases with the increas
of V2O5 content in the glass. Frequency dependence os
was not observed within the investigated frequency reg
~Fig. 2!.

We now discuss the temperature dependence of the
quency exponent within the frame work of various theore
cal models. Several theories based on classical hoppin
well as quantum mechanical tunneling have been develo
to account for the ac conductivity and its frequency exp
nent. For the simple quantum mechanical tunneling mo
several authors1–3 have evaluated, within the pair approxim
tion, the ac conductivity, and obtained an expression fors as

s5124/ln~1/vt!, ~3!

which shows thats is temperature independent but fr
quency dependent and thus this model is unable to exp
the experimental results presented in Fig. 3 for the sil
vanadate glasses.

A temperature dependent frequency exponent can be
tained within the framework of the quantum mechanical tu
neling model in the pair approximation by assuming that
charge carriers form nonoverlapping small polarons,1 i.e., the
total energy of a charge carrier is lowered by the pola
binding energyWP resulting from the lattice distortion ac

FIG. 3. ~a! The frequency exponents for the various glass com
positions as in Fig. 1~b! shown as function of temperature. The so
curves are best fits to the overlapping large polaron model@Eq. ~7!#.
~b! shows the fits of the data to the correlated barrier hopping mo
@Eq. ~13!#
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companying the occupation of the site by the carrier. Tra
posing an electron between degenerate sites having ran
distributions of separations will, generally, involve an activ
tion energy, the polaron hopping energyWH'WP/2. In this
case, the frequency exponent becomes

s5124/@ ln~1/vt0!2WH /kBT#, ~4!

Now it is noted thats is temperature dependent, increasi
with temperature. But this model is also not applicable in
present case, since experimental results~Fig. 3! show oppo-
site trends.

Long3 has proposed a mechanism for the polaron tunn
ing where the polaron energy is derived from polarizati
changes in the deformed lattice, as in ionic crystals a
glasses. The resultant excitation is called a large pola
Because of the long-range Coulomb interaction, its poten
well of a site will extend over many interatomic distanc
and overlap with the well of other sites. This has importa
consequences for the frequency dependent loss becaus
activation energy associated with charge transfer between
overlapping sites will be reduced2,3 according to

WH5WHOS 12
r p

R D , ~5!

wherer p is the polaron radius andWHO is given by

WH05e2/4«pr p , ~6!

where«p is the effective dielectric constant. It is assum
thatWHO is constant for all sites, whereas the intersite se
ration R is a random variable. The ac conductivity for th
overlapping large polaron tunnelling model3 is given by

s8~v!5
p4

12

e2~kBT!2@N~EF!#2vRv
4

2akBT1WHOr p /Rv
2

, ~7!

wherea is the decay parameter for the localized wave fun
tion, andRv is the hopping length at a frequencyv deter-
mined by the quadratic equation

Rv8
21@bWHO1 ln~vt0!#Rv8 2bWHOr p850 ~8!

where Rv8 52aRv , r p852ar p , and b51/kBT. Using the
above expressions for the dependence of the conductivit
Rv , it is straightforward to evaluate an expression fors:

s512
8aRv16WHOr p /RvkBT

@2aRv1WHOr p /RvkBT#2
. ~9!

It is found that functional form of the temperature depe
dence ofs8(v) predicted by the overlapping large polaro
tunnelling model@Eq. ~7!# is complicated and cannot b
expressed simply ass8}Tn with n constant over a wide
temperature range. Also, the overlapping large polaron t
neling model predicts thats should decrease with an increa
in temperature. For large values ofr p8 , s continues to de-
crease with increasing temperature, eventually tending
value ofs predicted by the simple quantum mechanical tu
nelling model of nonpolaron forming carriers. Thus it a

el
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TABLE I. Parameters obtained from fits of the ac conductivity and the requency exponent data
large polaron tunneling model for thexV2O52(12x)Ag2O glasses.

x WHO

~eV!
~60.01!

r p

cm
~60.0431028)

1/a
cm

~60.0331028!

t0

~s!
~60.05310213!

N(EF)
~eV21 cm23!

~60.0631023!

0.8 0.59 1.2531028 1.6131028 1.95310213 2.2731023

0.7 0.55 1.1231028 1.6931028 1.88310213 2.8331023

0.6 0.52 1.1331028 1.4531028 1.63310213 2.5531023

0.5 0.51 0.9031028 1.3331028 1.10310213 2.8731023
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pears that the overlapping large polaron tunneling mo
might be an appropriate theory to explain the data prese
here.

In Fig. 3 the experimental data for frequency exponens

FIG. 4. ~a! Conductivity spectra of 0.6V2O520.4Ag2O glass
composition at different temperatures shown in the inset. The s
lines are best fits to Eq.~14!. ~b! Plots of log(s total /sdc) vs
log(v/vH) for the 0.6V2O520.4Ag2O glass composition for differ-
ent temperatures shown in the inset.
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el
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are fitted with the predictions of the overlapping large p
laron tunnelling model using Eq.~9!. The best fit of the ex-
perimental data is observed for temperatures below 27
for the different values of the parameters shown in Table
At sufficiently higher temperatures~above 275 K! the experi-
mental points show a disagreement with the theoretical
ues obtained by the large polaron tunneling model. The r
son for the discrepancy is not known at present. Howe
we speculate that a separate mechanism might be oper
above 275 K. The experimental data fors total(v) at differ-
ent fixed frequencies are fitted to the ac conductivities ca
lated from Eq.~7!. The best fit of the above model to th
total conductivity data for different frequencies is exhibit
as solid lines in Fig. 1~a!. Reasonable fits were also observ
for other glass compositions. It may be noted from Tabl
that values of the parameters obtained from the best fits
reasonable.

The overlapping large polaron tunneling model@Eq. ~9!#
also predicts the frequency dependence ofs. A detailed
analysis shows that in the low temperature reg
(kBT/WHO.0.0420.05), s should increase with frequency
An opposite and more significant behavior should be
served in the high temperature region (kBT/WHO.0.05). In
the present work, however, the frequency dependences
was not observed.

The experimental data presented in Figs. 1 and 3 sh
some similarity with the results predicted by the correla
barrier hopping model, which was developed initially b
Pike18 for single electron hopping and later extended
Elliott4 for two electrons hopping simultaneously. For neig
boring sites at a separationR, the Coulomb wells overlap
resulting in a lowering of the effective barrier height fro
WM to a valueW, which for the case of one electron trans
tion is given by4

W5WM2e2/pee0R. ~10!

The ac conductivity~real part! in this model, in the narrow
band limit is expressed by

s8~v!5
p3

24
N2vRv

6 ee0 , ~11!

where N is the concentration of pair sites andRv is the
hopping distance given by

Rv5e2/pee0@WM1kBTln~vt0!#, ~12!

The frequency exponents for this model is evaluated as15
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s5126kBT/@WM1kBTln~vt0!# ~13!

Thus, in this model a temperature dependent exponen
predicted, withs increasing towards unity asT tends to zero.
We have attempted to fit our data this model@Eq. ~13!#, but
poor fits to the experimental data were obtained@Fig. 3~b!#,
indicating that the correlated-barrier-hopping model is
applicable to the present glasses.

Now we discuss the scaling of the conductivity spectra
high temperatures. Recently, the study of the conducti
spectra of several glasses at different temperatures led
scaling law which results in a time-temperatu
superposition.19–22 The frequency dependence of the to
measured conductivitys total(v) at different temperature
for the glass composition 0.6V2O520.4Ag2O is shown in
Fig. 4~a!. It is noted that the frequency dispersion starts a
higher frequency as the temperature is increased. Other g
compositions also showed a similar behavior. It has b
reported that the following expression can be used to
scribe the frequency dispersion of the real part of the
conductivity in glasses21,22:

s total~v!5sdcF11S v

vH
D sG , ~14!

where sdc is the dc conductivity,vH is the hopping fre-
quency of the charge carriers ands is the same frequenc
exponent as in Eq.~1!. The experimental data have bee
fitted to the above equation to obtainvH . We have applied a
scaling approach22 for the present glass compositions b
scaling the conductivity axis with respect tosdc and the
frequency axis with respect to the hopping frequencyvH .
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perature, which signifies the time-temperature superposi
principle. The conductivity spectra at different temperatu
above 275 K of the other glass compositions are also s
larly superposed.
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quency range. At high temperatures the experimental d
show an inconsistency with the theoretical predictions.
attempt to scale the conductivity spectra with respect to te
perature is made. It is observed that in the high tempera
region~above 275 K! the scaling of the conductivity spectr
is independent of temperature, consistent with the temp
ture independence of the power law exponent in that reg

12S. Bhattacharya and A. Ghosh, Phys. Rev. B66, 132203~2002!.
13A. Mansingh and V. K. Dhawan, J. Phys. C16, 1675~1983!.
14A. Ghosh, Phys. Rev. B42, 5665~1990!.
15A. V. Joshi and J. B. Wagner, J. Phys. Chem. Solids33, 205

~1972!.
16R. H. Chen, R. Y. Chang, and S. C. Shern, J. Phys. Chem. So

63, 2069~2002!.
17A. N. Papathanassiou, J. Phys. D35, L88 ~2002!.
18G. E. Pike, Phys. Rev. B6, 1572~1972!.
19J. C. Dyre, J. Appl. Phys.64, 2456~1988!.
20B. Roling, A. Happe, K. Funke, and M. D. Ingram, Phys. Re

Lett. 78, 2160~1997!.
21D. P. Almond and A. R. West, Nature~London! 306, 456 ~1983!.
22A. Ghosh and A. Pan, Phys. Rev. Lett.84, 2188~2000!.
2-5


