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The ionic conductivity and relaxation in the lithium tellurite glasses with varyingléontent 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
B,0;, P,Os, and SiQ containing the same Liions 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 expongnbbtained from the modulus formalism and the values of (1
—n) obtained from the conductivity formalisiS0163-18299)07129-5

[. INTRODUCTION the glasses formed with different traditional network formers
and a qualitative description of the variation of the conduc-
Oxide glasses based on heavy metal glass formers such tigity and activation energy with alkali oxide content is given
TeO, posses many interesting physical properties such ak terms of structure of the glasses. The ac conductivity and
low melting point, high chemical durability, high refractive relaxation mechanisms have been analyzed in the framework
index, and good IR transmittivity, which make them suitableof the conductivity and the modulus formalisms. Many
candidates for optical applicatiohghe role of modifier ox-  present workerS have criticized the modulus formalism as
ides in the vitreous transition of tellurite melts is extremelyOne giving misleading information on the relaxation process.
important unlike traditional glass formers such as SiO In the present work we have shown that the conductivity
B,0s, and BO:..2 When the alkali oxides are introduced in formalism provide for the same qualitative variation of re-
the tellurite network there exist different structural units atlaxation parameters with composition as the modulus formal-
different alkali oxide contents. A study of Raman spettfa  iSm.
the alkali tellurite glasses reveals that the structural unit
chang_es from Te@ trigonal bipyramid .to Te@ trigonal Il. EXPERIMENTAL
pyramid through Te@, ; polyhedra with increasing content
of alkali oxides. TeQ based glasses containing transition  The starting compounds for the synthesis of the glasses of
metal ions have been observed to have higher electronic cowompositionxLi,O-(1—x) TeO,, wherex=0.10, 0.15, 0.20,
ductivity than that of glasses based on traditional network).25, and 0.30, were TedBDH, 98% and L,L,CO; (Ald-
formers*~® A large number of studies on the ionic conduc- rich, 99+%). The appropriate mixtures of these chemicals
tivity and relaxation in oxide glasses has been repditéll. were placed in a platinum crucible, heated at 450 °C for 2 h
However, no clear consensus on these processes has emerf@ddecarbonization and then melted at a temperature in the
so far. To determine the mechanism for ionic conductivity inrange 680—-760 °C depending on composition in air for about
glasses, it is necessary to separate the contribution of thEb min(chosen for minimum evaporation loss of the melts
ionic concentration and mobility to the ionic conductiv- The melts were then quenched on a preheated aluminum
ity.24~*6 Unfortunately, it has not been possible to determinemould. The samples were immediately transferred to another
ambiguously these two terms separately, although a fevurnace kept at 150°C for annealing to remove residual
methods have been suggestéd! The dependence of the stresses. It was not possible to get glasses witih,O
relaxation mechanism on the concentration of the ionic>0.30. X-ray diffraction patterns were recorded using
charge carriers is another problem. The results reported iGu-K , radiation in order to confirm the amorphous nature of
the literature are contradictofy-2® Generally, two formal- the prepared samples. The glass transition temperatures were
isms, namely, the conductivity and modulus formalism havedetermined from the differential thermal analysis using a
been adopted to study the problefis?® But which of these heating rate of 10 °C/min. The densities were measured using
two formalisms can describe the relaxation process mucArchemedes’ principle with acetone as an immersion fluid.
better has not been resolved so far. A correlation of the comFfhe concentratiorN of Li ions were determined from the
position dependence of the ionic conduction and relaxatioglass composition and density.
in glasses with their structure is another interesting problem. The electrical measurements such as capacitance and con-
In the present paper we have studied the conductivity anductance of the samples of thicknes®.3—0.6 mm and di-
the relaxation mechanisms in lithium tellurite glasses. Aameter~10 mm were carried out using a precision RLC
comparison of the present results is also made with those aheter (model 7600, QuadTeghin the temperature range
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TABLE I. The dc activation energy, dc conductivity at 200 °C,
.L XLi,0-(1-x)TeO, high freque_ncy_ dielectric constant, condl_Jgtivity rela_xatio_n time at
a x=0.10 200 °C, activation energy for the conductivity relaxation times, and
0 x=0.15 the stretched exponential parameterbai,O-(1—x)TeO, glasses.
A x=0.20
L v x=025 10G100°4c 10G10 Tm
= ¢ x=0.30 mole E, at 200°C at 200°C E.,
5 fraction (eV) (Q lcm) (9 (eV) B
e ) (£0.02 (£0.0) e (£0.0) (*+0.03 (+0.01
4
g 0.10 100 -854 3440 -2.88 105 0.74
0.15 1.03 —-8.28 35.88 —3.23 0.97 0.65
0.20 0.98 —7.67 29.73 —3.98 0.90 0.59
s 0.25 0.93 —6.68 26.74 —4.95 0.95 0.57
0.30 0.87 —-6.27 22.22 -547 0.86 0.56
] 1 L I | | { L 1

L 1
19 20 21 22 23 24 25 28 27

1000 (K) mation as well as the increasing number of nonbridging oxy-

FIG. 1. Temperature dependence of the dc conductivity for gif-9€NS are responsible for.conductivity enhanpement with the
ferent compositions of lithium tellurite glasses shown. The solidmc_rease of LiO _Content In borqt(_a and t(_-:'l_lurlte glasses for
lines are the least squares straight line fits to the data. xLi;0=0.30, while the conductivity for silicate, phosphate,

and borate glasses becomes less composition dependent for

373-543 K and in the frequency range 10 Hz—2 MHz. TheXL'ZO>0'30’ as no major structural transformation occurs in

parallel surfaces of the samples were coated with gold fth!s composition range. The co_nduct|v_|ty enhancement in
electrodes. this region is solely due to the increasing number of non-

bridging oxygens, which are the preferential sites for the

alkali ions.
Ill. RESULTS AND DISCUSSION The dependence of the activation energy on the lithium
ion content of lithium tellurite glasses is compared in Fig.
2(b) with that of silicate, borate, and phosphate glasses. A

The dc electrical conductivity was computed from the acsimilar trend to the composition dependence of the conduc-

impedance plots. The variation of the dc conductivity withtivity is observed. The activation energy for borate glasses is
the reciprocal temperature for all compositions is shown inmuch larger than that for tellurite glasses in the low alkali
Fig. 1 which shows that the dc conductivity obeys theregion 0<xLi,0<0.30 and there exists a steep fall in acti-
Arrhenius relationoy.= o exp(—E,/KT). The values of the vation energy of borate glasses in comparison to tellurite
activation energy obtained from the least squares straighjlasses. The composition dependence of the activation en-
line fits for different compositions are given in Table I. The ergy in this composition range can be understood in the
dependence of dc conductivity at 200 °C on the lithium ionframework of the Anderson-Stuart mod@lin this model,

content for the present tellurite glasses is compared in Fighe total activation energl,, for ionic conduction is the sum
2(a) with that of glasses formed with different traditional of two parts:

network formers such as Sj3* P,Ox,%? and B,O; (Ref. 33

containing Li* ions. It is observed that the conductivity is E,=AEg+AEg, (1)
strongly composition dependent for lower,Oi content
(xLi,0<0.3) for tellurite and borate glasses, while the con-
ductivity shows a weak composition dependence for highe
Li,O content, i.e.xLi,0>0.3 for silicate, phosphate, and
borate glasses. It is noteworthy that in the lowQicontent
region(i.e., belowxLi,O=0.30), the data for phosphate and
silicate glasses are not available. In the case of borate glasses _ ERY
as well as tellurite glasses, there exists a steep increase in the ABs=4mGro(r—rp)*, 3
conductivity with the increase of kD content in the region wheree,, is the high frequency dielectric permittivity, is
XLi,0<0.3. This may be due to the fact that, in both of thesethe jump distance between the cation si®&g,andZ,,r, are
glasses different structural units exist for differerj@icon-  the charges and radii of the cation and oxygen anion, respec-
tents. According to Krogh-Mo#: the transformation of the tively, G is the shear modulus, amg is the doorway radius
structural units of alkali borate glasses from boroxol to dibo-which the mobile cation see while moving from one site to
rates through tetraborate (triboratpentaborate) occurs as another. One of the outcome of the Anderson and Stuart
xLi,O is increased from 0 te-0.30. In the case of alkali modef* is that the dielectric constant is a measure of loose-
tellurite glasses, the transformation occurs from J&@o- ness of the structure of the glass network. It also measures
nal bipyramids to Te@trigonal pyramids in the region O the ease with which a modifier cation can migrate through
<xLi,0=0.30. However, foxLi,O0>0.30, the basic struc- the glass network. In case of borate glasses, the dielectric
tural units for phosphate glasses (ff@nd silicate glasses constant arises from the nonbridging oxygen-modifier cation
(Si0,) remain the same. It seems that the structural transfordipole moment, whereas in case of tellurite glasses, the di-

A. dc activation energy

whereAEg is the electrostatic binding energy ané s is the
§train energy which are given, respectively, by the expres-
sions

AEg=ZZoe*{1(r+ro)—2I\} €., , 2
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FIG. 3. Frequency spectra of the modulus of
0.25Li,0-0.75TeQ glass at several temperatures shown in the in-
set. The solid curves are the best fits to Ej.

with increasing alkali ion content, whereas in the case of
tellurite glasses it changes from 4 to 3 by the cleavage of
network linkages. Thus the strain energy part in tellurite
glasses is expected to play a dominant role in the total acti-
vation energy, contrary to borate glasses. Unfortunately, we
are unable to calculate the strain energy contribution quanti-
tatively due to the lack of the values of the doorway radius
for lithium tellurite glasses.

B. Frequency-dependent conductivity

As pointed out in Sec. |, we have adopted the conductivity
as well as the modulus formalisms to study the frequency-
dependent conductivity. The modulus formalt§iis particu-
larly suitable in the absence of well defined loss peaks. In the
modulus formalism, an electric moduldé* (w) is defined
in terms of reciprocal of the complex dielectric permittivity
€* (w) by

M*(w)=1le*(w)=M'(w)+iM"(w)

=M., 1—F exp( —iwt){dp(t)/dtidt], (4)
0

200 °C for tellurite, borate, phosphate, and silicate glasé®s.

Composition dependence_ _of the dc activation energy for teIIuriteWhereMm is the asymptotic value d¥1’(w), the inverse of

borate, phosphate, and silicate glasses. which gives the high frequency dielectric constant and
¢(t) is the time evolution of the electric field within the

electric constant has the contribution of the lone pair of elecmaterial and is given by the KWWRef. 39 function

trons on tellurium atoms as well. Thus the dielectric con-

stants of tellurite glasses are much larger in magnitude than o(t)=exd — (t/ 7)1,

those for the borate glasses, scaling down the Coulomb part _ ) . )

[cf., Eq. (2)] of the activation energ}/f thereby decreasing whereg is a st_retchmg gxponent, tendlln.g to unlty.for Debye

the total activation energy for tellurite glasses. As the alkaliyP€ Of relaxation and is the ?OndUCtIVIt),/, relaxation time.

ion content is increased, the dielectric constant increases ih"e frequency dependenceMf (w) andM”(w) for a glass

borate glasses due to increasing number of nonbridging®MpPOsition at different temperatures is shown in Fig. 3.

oxygen-modifier bond and decreases in tellurite glasses d¥ '(@) shows a dispersion tending M. at higher frequen-

to the decreasing number of tellurium atoms. But the fractiorfies, whileM"(w) exhibits an asymmetric maximuni,,,)

of the increasing number of nonbridging oxygen-modifiercentered at the dispersion regionMf (). It may be noted

bond is greater than that of decreasing tellurium atomsin Fig. 3 that the position of the ped¥ ,, shifts to higher

thereby justifying the steep decrease of activation energy folrequencies as the temperature is increased. The frequency

borate glasses in comparison with tellurite glasses. From thew,,) corresponding tdV.. gives the most probable con-

structural point of view the coordination of boron in borate ductivity relaxation timer,, from the conditionw,m,= 1.

glasses changes from 3 to 4, increasing the network linkageBhe values of logy 7, at 200 °C for different glass compo-

0<B=<1, 5)
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0.25Li,0-0.75TeQ glass for the same temperatures as shown in
FIG. 4. Temperature dependence of the conductivity relaxatiorrig. 3.

times obtained from the modulus formalism for different composi-

tions of lithium tellurite glasses shown. The solid lines are the leastvhich each frequency is scaled by peak frequengy)(and

squares straight line fits to the data. M’(M") is scaled byM..(M7..). The perfect overlap of the
curves for all the temperatures into a single master curve

sitions are listed in Table I. It shows a decreasing trend witindicates that the dynamical processes are temperature inde-
increasing LjO content, arising from the structural transfor- Pendent. The data foM'(w) and M"(w) in Fig. 3 were
mation in tellurite network. At very low composition, a few fitted simultaneously to Eq4). The values of the stretched

of the Te-O sites are available which makes the ion mobile€Xponential parametgs obtained from the fits are listed in
over long distances at lower frequencies only, resulting in aable I. They are found to decrease with increasingOLi
large relaxation time. As the content of,0 is increased, content. As the alkali content is increased, the cation-cation
more and more nonbridging oxygens are included in the netdistance(Table Il) decreases and thus the interaction be-
work. Consequently, the ions remain mobile at higher fretween the cations increases resulting in a decreage of
quencies making the relaxation time small. Figure 4 shows As already mentioned in the Introduction, we have also
that the conductivity relaxation time also obeys the Arrhendried to analyze our data for tellurite glasses in the frame-
ius relation= r, expE,/kT) and the corresponding activa- work of the Almond-West formalisrﬁ‘? !n this formalism t.he

tion energyE, (Table ) for relaxation are found to be close bulk frequency-dependent conductivity (w) (real par} in

to the activation energy for the dc conductivit ), which  ionic crystal and glasses is described by

indicates that the charge carrier has to overcome the same , _

energy barrier while co%ducting as well as while relaxing in o' (w)=oad 1+ (0l o)), ©)
consistence with fluctuation-dissipation theor&m master-  wherewy, is the hopping frequency of the charge carriers and
plot for the electric modulu$/* (w) is shown in Fig. 5in  nis a frequency exponent parameter in the rangen& 1

TABLE II. The concentration of Li ions and the average cation-cation separation calculated from
composition and density; the mobile ion concentration, the hopping frequency at 200 °C, and the frequency
exponenin obtained from the fits of Eq8) to the data and activation energy for the hopping frequency and
dc conductivity calculated from Ed7) for xLi,O-(1—x)TeO, glasses.

log1oNo logyo i 109100 4c
mole log;oN R at 200°C at 200°C E. at 200 °C
fraction (em™3  (x108cm) (cm™3) (rads™b n (eV) (Q tem?
x) (+0.2) (+0.00 (+0.02  (£0.059  (£0.0) (+0.04 (+0.02
0.10 21.64 6.11 20.4 4.38 0.60 0.96 —8.64
0.15 21.83 5.31 21.02 4.18 0.61 0.94 —-8.33
0.20 21.96 4.79 21.17 4.76 0.61 0.88 —7.69
0.25 22.06 4.44 21.18 5.82 0.65 0.90 —6.69

0.30 22.14 4.18 21.16 6.32 0.66 0.88 —6.27
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FIG. 6. Frequency spectra of the conductivity for 638
0.25Li,0-0.75TeQ glass at several temperatures shown in the in- L (b)
set. The solid curves are the best fits to BB). 64 L

xLi,0-(1-x)TeO,

. . . - | 0 x=0.10
measuring the interaction between the mobile ions. The  sof 0 x=0.15
value of oy using Nerst-Einstein relation and assuming ther- A =0'20
mally activated hopping of charge carriers is given by 561 v X=0‘25

o x=0.30

o4c=[No(Z€)?y\ 2wy ]/27KT, )

whereNg is the mobile ion concentratiom,is the electronic
charge,y is the geometrical factor for ion hopping, ahds

the average jump distance between the mobile ion sites. Thu
the bulk ac conductivity can be written from E@6) and(7)

as

logioon (s ™)

o' (0)={No(Z&)?* YN 2w 27k T} 1+ (w/wy)"]. (8)

In the present calculation, we have assumed the ion jumg
distance\ to be equal to the average cation-cation separatior s 20 a2 e o T e s
distance(R) and y was taken to b& assuming the present
glass to be isotropic. The frequency spectra of the real con-
ductivity o’ (w) for a glass composition is shown in Fig. 6 at  FIG. 7. (a) Temperature dependence of the ion concentratign
different measuring temperatures. It is observed that at lowebr all compositions of lithium tellurite glasseshown obtained
frequencies, the conductivity is almost independent of frefrom the fits of the conductivity isotherms to E@®). (b) Tempera-
guency, approaching the dc conductivity. As the frequency isure dependence of hopping frequency obtained from the conduc-
increased, the conductivity shows a dispersion which shiftsvity formalism for all compositions of lithium tellurite glass

to higher frequencies with the increase in temperature. Théshown. The solid lines are the least squares straight line fits to the
experimental conductivity data have been fitted to B). data.

with Ng, wy, andn as variables. The best fit of the conduc-

tivity spectra is exhibited as solid lines in Fig. 6 for a glassobeys the Arrhenius relation. The values of the activation
composition and for different temperatures. The results oknergyE. (Table Il) of the hopping frequency obtained from
the analysis are listed in Table Il. An Arrhenius plot of the the slopeqdFig. 7(b)] are close to the dc activation energy
mobile charge carrier concentratidly is shown in Fig. 7@  (E,). The values of parameter are weakly temperature
which reveals that they are not thermally activated, indicatdependent, but shows an increasing trend with increasing
ing that lithium tellurite glasses are strong electrolyted. lithium content. This may be due to the fact that as the con-
comparison of the numerical values d§ with those of the centration of the lithium ions is increased, the interaction
concentratiorN of the lithium ions(Table 1)) obtained from  between them increases resulting in a higher value @f

the glass composition and density indicates that only 5-15%eing a measure of interactiprirhe reciprocal of the hop-

of the total lithium ions contribute to the electrical conduc- ping frequency @) shows a decreasing trend with increas-
tion. The reciprocal temperature dependence of hopping freng Li,O content supported by the structural transformation
qguency y) is shown in Fig. Tb) which indicates thatoy in tellurite networks as explained earlier for the conductivity

1000/T (K)
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relaxation time in the text. The values of the dc conductivitysteeper increase of conductivity for tellurite and borate
(Table 1) were calculated from Ed7) using the values of glasses was suggested to arise from the structural transfor-
the fitting parameterdl,, wy, and\ and were also found to mation and increasing number of nonbridging oxygen, while
agree well within 1% with the values obtained from the im-in the higher LjO content region for silicate, phosphate, and
pedance plots. A comparison of the numerical values of borate glasses, the weak increase in conductivity was due to
with those of the stretched exponential paramgiesf the  the increasing number of nonbridging oxygens only. The
conductivity relaxation model shows that although the qualidonic relaxation was analyzed in the framework of conduc-
tative changes im and 8 are in conformity with the fact that tivity as well as modulus formalisms. The decreasing trend
both represent the interaction between the modifiers, they dof conductivity relaxation time £€,,) and stretched exponen-
not, however, exactly obey the theoretical relationship betial parameter(8) with increasing LjO content, was ex-
tween B8 and n, namely, 3=1—n. The reason for numeri- plained in terms of structural transformation of tellurite net-
cally different values of3 from those of (+-n) may be the work and cation-cation distance correlation, respectively.
limited frequency window(10 Hz—2 MH2 of our measure- The composition dependence of the frequency exponent pa-
ments. rameter(n) and the hopping ratec(;*) obtained from the
conductivity formalism provided for the correlation with that
IV. CONCLUSIONS of B and 7,,, respectively. The deviation of the theoretical
relationship betwee and (1—n) was ascribed to the lim-

The dc conductivity and conductivity relaxation of ited frequency window.

xLi,O-(1—x)TeGO, glasses with varying LO content have
been studied in wide frequency and temperature ranges. The
dc conductivity and activation energy of these glasses were
compared with those of other glasses formed with traditional
glass formers, in particular, borate glasses and containing the The financial support by the CSIR for the work is thank-
same modifier Li ions. In the lower LjO content region, the fully acknowledged.
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