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Ionic conductivity and relaxation dynamics in lithium tellurite glasses
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The ionic conductivity and relaxation in the lithium tellurite glasses with varying Li2O content have been
investigated in the frequency range 10 Hz to 2 MHz and in the temperature range from 373 K to just below the
glass transition temperature. The composition dependences of the dc conductivity and the activation energy of
these glasses have been compared with those of other glasses formed with traditional network formers such as
B2O3, P2O5, and SiO2 containing the same Li1 ions as modifiers and explained in terms of composition
dependent network structure of these glasses. The frequency-dependent electrical data have been analyzed in
the framework of the conductivity and modulus formalisms. Both these formalisms have provided for quali-
tative similarities in the compositional variation of the relaxation times, interaction between the cations, and the
dc conductivity. The finite frequency window has been suggested as the reason for the difference between the
numerical values of the stretched exponentb obtained from the modulus formalism and the values of (1
2n) obtained from the conductivity formalism.@S0163-1829~99!07129-5#
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I. INTRODUCTION

Oxide glasses based on heavy metal glass formers su
TeO2 posses many interesting physical properties such
low melting point, high chemical durability, high refractiv
index, and good IR transmittivity, which make them suitab
candidates for optical applications.1 The role of modifier ox-
ides in the vitreous transition of tellurite melts is extreme
important unlike traditional glass formers such as SiO2,
B2O3, and P2O5.

2 When the alkali oxides are introduced
the tellurite network there exist different structural units
different alkali oxide contents. A study of Raman spectra3 of
the alkali tellurite glasses reveals that the structural u
changes from TeO4 trigonal bipyramid to TeO3 trigonal
pyramid through TeO311 polyhedra with increasing conten
of alkali oxides. TeO2 based glasses containing transiti
metal ions have been observed to have higher electronic
ductivity than that of glasses based on traditional netw
formers.4–6 A large number of studies on the ionic condu
tivity and relaxation in oxide glasses has been reported.7–13

However, no clear consensus on these processes has em
so far. To determine the mechanism for ionic conductivity
glasses, it is necessary to separate the contribution of
ionic concentration and mobility to the ionic conducti
ity.14–16Unfortunately, it has not been possible to determ
ambiguously these two terms separately, although a
methods have been suggested.17–21 The dependence of th
relaxation mechanism on the concentration of the io
charge carriers is another problem. The results reporte
the literature are contradictory.22–26 Generally, two formal-
isms, namely, the conductivity and modulus formalism ha
been adopted to study the problems.27–29But which of these
two formalisms can describe the relaxation process m
better has not been resolved so far. A correlation of the c
position dependence of the ionic conduction and relaxa
in glasses with their structure is another interesting probl

In the present paper we have studied the conductivity
the relaxation mechanisms in lithium tellurite glasses.
comparison of the present results is also made with thos
PRB 600163-1829/99/60~5!/3224~6!/$15.00
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the glasses formed with different traditional network forme
and a qualitative description of the variation of the condu
tivity and activation energy with alkali oxide content is give
in terms of structure of the glasses. The ac conductivity a
relaxation mechanisms have been analyzed in the framew
of the conductivity and the modulus formalisms. Man
present workers30 have criticized the modulus formalism a
one giving misleading information on the relaxation proce
In the present work we have shown that the conductiv
formalism provide for the same qualitative variation of r
laxation parameters with composition as the modulus form
ism.

II. EXPERIMENTAL

The starting compounds for the synthesis of the glasse
compositionxLi2O-(12x)TeO2, wherex50.10, 0.15, 0.20,
0.25, and 0.30, were TeO2 ~BDH, 98%! and Li2CO3 ~Ald-
rich, 991%!. The appropriate mixtures of these chemica
were placed in a platinum crucible, heated at 450 °C for
for decarbonization and then melted at a temperature in
range 680–760 °C depending on composition in air for ab
15 min ~chosen for minimum evaporation loss of the melt!.
The melts were then quenched on a preheated alumi
mould. The samples were immediately transferred to ano
furnace kept at 150 °C for annealing to remove resid
stresses. It was not possible to get glasses withxLi2O
.0.30. X-ray diffraction patterns were recorded usi
Cu-Ka radiation in order to confirm the amorphous nature
the prepared samples. The glass transition temperatures
determined from the differential thermal analysis using
heating rate of 10 °C/min. The densities were measured u
Archemedes’ principle with acetone as an immersion flu
The concentrationN of Li ions were determined from the
glass composition and density.

The electrical measurements such as capacitance and
ductance of the samples of thickness;0.3–0.6 mm and di-
ameter;10 mm were carried out using a precision RL
meter ~model 7600, QuadTech! in the temperature rang
3224 ©1999 The American Physical Society
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PRB 60 3225IONIC CONDUCTIVITY AND RELAXATION DYNAMIC S . . .
373–543 K and in the frequency range 10 Hz–2 MHz. T
parallel surfaces of the samples were coated with gold
electrodes.

III. RESULTS AND DISCUSSION

A. dc activation energy

The dc electrical conductivity was computed from the
impedance plots. The variation of the dc conductivity w
the reciprocal temperature for all compositions is shown
Fig. 1 which shows that the dc conductivity obeys t
Arrhenius relationsdc5s0 exp(2Es /kT). The values of the
activation energy obtained from the least squares stra
line fits for different compositions are given in Table I. Th
dependence of dc conductivity at 200 °C on the lithium i
content for the present tellurite glasses is compared in
2~a! with that of glasses formed with different tradition
network formers such as SiO2,

31 P2O5,
32 and B2O3 ~Ref. 33!

containing Li1 ions. It is observed that the conductivity
strongly composition dependent for lower Li2O content
(xLi2O,0.3) for tellurite and borate glasses, while the co
ductivity shows a weak composition dependence for hig
Li2O content, i.e.,xLi2O.0.3 for silicate, phosphate, an
borate glasses. It is noteworthy that in the low Li2O content
region~i.e., belowxLi2O50.30), the data for phosphate an
silicate glasses are not available. In the case of borate gla
as well as tellurite glasses, there exists a steep increase i
conductivity with the increase of Li2O content in the region
xLi2O,0.3. This may be due to the fact that, in both of the
glasses different structural units exist for different Li2O con-
tents. According to Krogh-Moe,34 the transformation of the
structural units of alkali borate glasses from boroxol to dib
rates through tetraborate (triborate1pentaborate) occurs a
xLi2O is increased from 0 to;0.30. In the case of alkal
tellurite glasses, the transformation occurs from TeO4 trigo-
nal bipyramids to TeO3 trigonal pyramids in the region 0
,xLi2O<0.30. However, forxLi2O.0.30, the basic struc
tural units for phosphate glasses (PO4) and silicate glasse
(SiO4) remain the same. It seems that the structural trans

FIG. 1. Temperature dependence of the dc conductivity for
ferent compositions of lithium tellurite glasses shown. The so
lines are the least squares straight line fits to the data.
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mation as well as the increasing number of nonbridging o
gens are responsible for conductivity enhancement with
increase of Li2O content in borate and tellurite glasses f
xLi2O<0.30, while the conductivity for silicate, phosphat
and borate glasses becomes less composition depende
xLi2O.0.30, as no major structural transformation occurs
this composition range. The conductivity enhancement
this region is solely due to the increasing number of no
bridging oxygens, which are the preferential sites for t
alkali ions.

The dependence of the activation energy on the lithi
ion content of lithium tellurite glasses is compared in F
2~b! with that of silicate, borate, and phosphate glasses
similar trend to the composition dependence of the cond
tivity is observed. The activation energy for borate glasse
much larger than that for tellurite glasses in the low alk
region 0,xLi2O,0.30 and there exists a steep fall in ac
vation energy of borate glasses in comparison to tellu
glasses. The composition dependence of the activation
ergy in this composition range can be understood in
framework of the Anderson-Stuart model.14 In this model,
the total activation energyEs for ionic conduction is the sum
of two parts:

Es5DEB1DES , ~1!

whereDEB is the electrostatic binding energy andDES is the
strain energy which are given, respectively, by the expr
sions

DEB5ZZ0e2$1/~r 1r 0!22/l%/e` , ~2!

DES54pGr0~r 2r D!2, ~3!

wheree` is the high frequency dielectric permittivity,l is
the jump distance between the cation sites,Z, r andZ0 ,r 0 are
the charges and radii of the cation and oxygen anion, res
tively, G is the shear modulus, andr D is the doorway radius
which the mobile cation see while moving from one site
another. One of the outcome of the Anderson and Stu
model14 is that the dielectric constant is a measure of loo
ness of the structure of the glass network. It also meas
the ease with which a modifier cation can migrate throu
the glass network. In case of borate glasses, the diele
constant arises from the nonbridging oxygen-modifier cat
dipole moment, whereas in case of tellurite glasses, the

TABLE I. The dc activation energy, dc conductivity at 200 °C
high frequency dielectric constant, conductivity relaxation time
200 °C, activation energy for the conductivity relaxation times, a
the stretched exponential parameter forxLi2O-(12x)TeO2 glasses.

mole
fraction
~x!

Es

~eV!
~60.02!

log10sdc

at 200 °C
(V21 cm2)

~60.01! e`

log10 tm

at 200 °C
~s!

~60.01!

Et

~eV!
~60.03!

b
~60.01!

0.10 1.00 28.54 34.40 22.88 1.05 0.74
0.15 1.03 28.28 35.88 23.23 0.97 0.65
0.20 0.98 27.67 29.73 23.98 0.90 0.59
0.25 0.93 26.68 26.74 24.95 0.95 0.57
0.30 0.87 26.27 22.22 25.47 0.86 0.56
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3226 PRB 60A. PAN AND A. GHOSH
electric constant has the contribution of the lone pair of el
trons on tellurium atoms as well. Thus the dielectric co
stants of tellurite glasses are much larger in magnitude t
those for the borate glasses, scaling down the Coulomb
@cf., Eq. ~2!# of the activation energy,14 thereby decreasing
the total activation energy for tellurite glasses. As the alk
ion content is increased, the dielectric constant increase
borate glasses due to increasing number of nonbridg
oxygen-modifier bond and decreases in tellurite glasses
to the decreasing number of tellurium atoms. But the fract
of the increasing number of nonbridging oxygen-modifi
bond is greater than that of decreasing tellurium ato
thereby justifying the steep decrease of activation energy
borate glasses in comparison with tellurite glasses. From
structural point of view the coordination of boron in bora
glasses changes from 3 to 4, increasing the network linka

FIG. 2. ~a! Composition dependence of the dc conductivity
200 °C for tellurite, borate, phosphate, and silicate glasses.~b!
Composition dependence of the dc activation energy for tellur
borate, phosphate, and silicate glasses.
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with increasing alkali ion content, whereas in the case
tellurite glasses it changes from 4 to 3 by the cleavage
network linkages. Thus the strain energy part in tellur
glasses is expected to play a dominant role in the total a
vation energy, contrary to borate glasses. Unfortunately,
are unable to calculate the strain energy contribution qua
tatively due to the lack of the values of the doorway rad
for lithium tellurite glasses.

B. Frequency-dependent conductivity

As pointed out in Sec. I, we have adopted the conductiv
as well as the modulus formalisms to study the frequen
dependent conductivity. The modulus formalism18 is particu-
larly suitable in the absence of well defined loss peaks. In
modulus formalism, an electric modulusM* (v) is defined
in terms of reciprocal of the complex dielectric permittivi
e* (v) by

M* ~v!51/e* ~v!5M 8~v!1 iM 9~v!

5M`F12E
0

`

exp~2 ivt !$df~ t !/dt%dtG , ~4!

whereM` is the asymptotic value ofM 8(v), the inverse of
which gives the high frequency dielectric constante` and
f(t) is the time evolution of the electric field within th
material and is given by the KWW~Ref. 35! function

f~ t !5exp@2~ t/tm!b#, 0,b<1, ~5!

whereb is a stretching exponent, tending to unity for Deb
type of relaxation andtm is the conductivity relaxation time
The frequency dependence ofM 8(v) andM 9(v) for a glass
composition at different temperatures is shown in Fig.
M 8(v) shows a dispersion tending toM` at higher frequen-
cies, whileM 9(v) exhibits an asymmetric maximum (Mmax9 )
centered at the dispersion region ofM 8(v). It may be noted
in Fig. 3 that the position of the peakMmax9 shifts to higher
frequencies as the temperature is increased. The frequ
(vm) corresponding toMmax9 gives the most probable con
ductivity relaxation timetm from the conditionvmtm51.
The values of log10tm at 200 °C for different glass compo

t

,

FIG. 3. Frequency spectra of the modulus
0.25Li2O-0.75TeO2 glass at several temperatures shown in the
set. The solid curves are the best fits to Eq.~4!.



it
r-

w
ile
n

ne
re
w
n
-
e

am
in

rve
inde-

d

tion
e-

lso
e-

nd

tio
si
a

in

PRB 60 3227IONIC CONDUCTIVITY AND RELAXATION DYNAMIC S . . .
sitions are listed in Table I. It shows a decreasing trend w
increasing Li2O content, arising from the structural transfo
mation in tellurite network. At very low composition, a fe
of the Te-O2 sites are available which makes the ion mob
over long distances at lower frequencies only, resulting i
large relaxation time. As the content of Li2O is increased,
more and more nonbridging oxygens are included in the
work. Consequently, the ions remain mobile at higher f
quencies making the relaxation time small. Figure 4 sho
that the conductivity relaxation time also obeys the Arrhe
ius relationt5t0 exp(Et /kT) and the corresponding activa
tion energyEt ~Table I! for relaxation are found to be clos
to the activation energy for the dc conductivity (Es), which
indicates that the charge carrier has to overcome the s
energy barrier while conducting as well as while relaxing
consistence with fluctuation-dissipation theorem.36 A master-
plot for the electric modulusM* (v) is shown in Fig. 5 in

FIG. 4. Temperature dependence of the conductivity relaxa
times obtained from the modulus formalism for different compo
tions of lithium tellurite glasses shown. The solid lines are the le
squares straight line fits to the data.
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which each frequency is scaled by peak frequency (vm) and
M 8(M 9) is scaled byM`(Mmax9 ). The perfect overlap of the
curves for all the temperatures into a single master cu
indicates that the dynamical processes are temperature
pendent. The data forM 8(v) and M 9(v) in Fig. 3 were
fitted simultaneously to Eq.~4!. The values of the stretche
exponential parameterb obtained from the fits are listed in
Table I. They are found to decrease with increasing Li2O
content. As the alkali content is increased, the cation-ca
distance~Table II! decreases and thus the interaction b
tween the cations increases resulting in a decrease ofb.

As already mentioned in the Introduction, we have a
tried to analyze our data for tellurite glasses in the fram
work of the Almond-West formalism.20 In this formalism the
bulk frequency-dependent conductivitys8(v) ~real part! in
ionic crystal and glasses is described by

s8~v!5sdc@11~v/vH!n#, ~6!

wherevH is the hopping frequency of the charge carriers a
n is a frequency exponent parameter in the range 0<n<1

n
-
st

FIG. 5. Plot ofM 8/M` and M 9/Mmax9 versus log10(v/vm) for
0.25Li2O-0.75TeO2 glass for the same temperatures as shown
Fig. 3.
rom
quency
and
TABLE II. The concentration of Li1 ions and the average cation-cation separation calculated f
composition and density; the mobile ion concentration, the hopping frequency at 200 °C, and the fre
exponentn obtained from the fits of Eq.~8! to the data and activation energy for the hopping frequency
dc conductivity calculated from Eq.~7! for xLi2O-(12x)TeO2 glasses.

mole
fraction
~x!

log10 N
~cm23!
~60.2!

R
(31028 cm)

~60.01!

log10 N0

at 200 °C
~cm23!
~60.02!

log10 vH

at 200 °C
~rad s21!
~60.05!

n
~60.01!

Ec

~eV!
~60.04!

log10 sdc

at 200 °C
(V21 cm21)

~60.02!

0.10 21.64 6.11 20.4 4.38 0.60 0.96 28.64
0.15 21.83 5.31 21.02 4.18 0.61 0.94 28.33
0.20 21.96 4.79 21.17 4.76 0.61 0.88 27.69
0.25 22.06 4.44 21.18 5.82 0.65 0.90 26.69
0.30 22.14 4.18 21.16 6.32 0.66 0.88 26.27
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3228 PRB 60A. PAN AND A. GHOSH
measuring the interaction between the mobile ions. T
value ofsdc using Nerst-Einstein relation and assuming th
mally activated hopping of charge carriers is given by

sdc5@N0~Ze!2gl2vH#/2pkT, ~7!

whereN0 is the mobile ion concentration,e is the electronic
charge,g is the geometrical factor for ion hopping, andl is
the average jump distance between the mobile ion sites. T
the bulk ac conductivity can be written from Eqs.~6! and~7!
as

s8~v!5$N0~Ze!2gl2vH/2pkT%@11~v/vH!n#. ~8!

In the present calculation, we have assumed the ion ju
distancel to be equal to the average cation-cation separa
distance~R! and g was taken to be1

6 assuming the presen
glass to be isotropic. The frequency spectra of the real c
ductivity s8(v) for a glass composition is shown in Fig. 6
different measuring temperatures. It is observed that at lo
frequencies, the conductivity is almost independent of f
quency, approaching the dc conductivity. As the frequenc
increased, the conductivity shows a dispersion which sh
to higher frequencies with the increase in temperature.
experimental conductivity data have been fitted to Eq.~8!
with N0 , vH , andn as variables. The best fit of the condu
tivity spectra is exhibited as solid lines in Fig. 6 for a gla
composition and for different temperatures. The results
the analysis are listed in Table II. An Arrhenius plot of th
mobile charge carrier concentrationN0 is shown in Fig. 7~a!
which reveals that they are not thermally activated, indic
ing that lithium tellurite glasses are strong electrolytes.17 A
comparison of the numerical values ofN0 with those of the
concentrationN of the lithium ions~Table II! obtained from
the glass composition and density indicates that only 5–1
of the total lithium ions contribute to the electrical condu
tion. The reciprocal temperature dependence of hopping
quency (vH) is shown in Fig. 7~b! which indicates thatvH

FIG. 6. Frequency spectra of the conductivity f
0.25Li2O-0.75TeO2 glass at several temperatures shown in the
set. The solid curves are the best fits to Eq.~8!.
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obeys the Arrhenius relation. The values of the activat
energyEc ~Table II! of the hopping frequency obtained from
the slopes@Fig. 7~b!# are close to the dc activation energ
(Es). The values of parametern are weakly temperature
dependent, but shows an increasing trend with increas
lithium content. This may be due to the fact that as the c
centration of the lithium ions is increased, the interacti
between them increases resulting in a higher value ofn ~n
being a measure of interaction!. The reciprocal of the hop-
ping frequency (vH) shows a decreasing trend with increa
ing Li2O content supported by the structural transformat
in tellurite networks as explained earlier for the conductiv

FIG. 7. ~a! Temperature dependence of the ion concentrationN0

for all compositions of lithium tellurite glasses~shown! obtained
from the fits of the conductivity isotherms to Eq.~8!. ~b! Tempera-
ture dependence of hopping frequency obtained from the con
tivity formalism for all compositions of lithium tellurite glass
~shown!. The solid lines are the least squares straight line fits to
data.
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relaxation time in the text. The values of the dc conductiv
~Table II! were calculated from Eq.~7! using the values of
the fitting parametersN0 , vH , andl and were also found to
agree well within 1% with the values obtained from the im
pedance plots. A comparison of the numerical values on
with those of the stretched exponential parameterb of the
conductivity relaxation model shows that although the qu
tative changes inn andb are in conformity with the fact tha
both represent the interaction between the modifiers, the
not, however, exactly obey the theoretical relationship
tweenb and n, namely,b512n. The reason for numeri
cally different values ofb from those of (12n) may be the
limited frequency window~10 Hz–2 MHz! of our measure-
ments.

IV. CONCLUSIONS

The dc conductivity and conductivity relaxation o
xLi2O-(12x)TeO2 glasses with varying Li2O content have
been studied in wide frequency and temperature ranges.
dc conductivity and activation energy of these glasses w
compared with those of other glasses formed with traditio
glass formers, in particular, borate glasses and containing
same modifier Li1 ions. In the lower Li2O content region, the
e

n
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do
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he
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he

steeper increase of conductivity for tellurite and bora
glasses was suggested to arise from the structural tran
mation and increasing number of nonbridging oxygen, wh
in the higher Li2O content region for silicate, phosphate, a
borate glasses, the weak increase in conductivity was du
the increasing number of nonbridging oxygens only. T
ionic relaxation was analyzed in the framework of condu
tivity as well as modulus formalisms. The decreasing tre
of conductivity relaxation time (tm) and stretched exponen
tial parameter~b! with increasing Li2O content, was ex-
plained in terms of structural transformation of tellurite ne
work and cation-cation distance correlation, respective
The composition dependence of the frequency exponent
rameter~n! and the hopping rate (vH

21) obtained from the
conductivity formalism provided for the correlation with th
of b and tm , respectively. The deviation of the theoretic
relationship betweenb and (12n) was ascribed to the lim-
ited frequency window.
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