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Activation energy and conductivity relaxation of sodium tellurite glasses
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The electrical conductivity and conductivity relaxation>dfia,0-(100x) TeO, glasses have been investi-
gated in the frequency range of 10 Hz—2 MHz and in the temperature range of 373-533 K and compared with
the results of silicate and borate glasses. The Anderson-Stuart model was employed to explain the dc activation
energy. The relaxation behavior of these glasses was analyzed in the light of the modulus formalism. The
variation of the stretched exponential parameter with composition was explained in terms of cation-cation
distance correlation. Furthermore, the structural model of tellurite glasses was employed to explain the com-
position dependence of the conductivity relaxation time.
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. INTRODUCTION plied the Anderson-Stuart mod@lto study the activation
energy for different compositions and found that contribution
TeO,-based glasses possess many interesting physicaf the strain energy to the activation energy is larger than
properties such as low melting point, high dielectric con-that of the binding energy for this glass system.
stant, high refractive index, good IR transmittivity, and rela-
tively high chemical durability which make them attractive
not only from the fundamental point of view but also in Il. EXPERIMENT
terms of practical applicatior!s? Under normal conditions, .
TeO, does not have the ability to go into the glassy state Classes of compositionsN&g,0-(100x)TeO,, wherex
easily, yet in the presence of a modifier it does form glass- 10: 15, 20, 25, and 30 mol %, were prepared from®(@,
easily® Neov et al® have shown that the role of the modifier (Fluka, 99.5% and TeQ (BDH, 98%). The mixtures of

is extremely important in the vitreous transition of tellurite tese ihemicals in appropriate proportions were first heated
melts. In this respect the tellurite glasses differ from the con@t 450 °C for two hours for decarbonization and then melted

ventional glasses formed with glass formers such as,Sio @ 790 °C for 15 min in a platinum crucible in an electric
GeO, B,Os; and ROs Recent studies of alkali tellurite furnace. The melts were quenched by pouring them on a

glassed reveal the presence of different structural units forPreneated aluminum mold. The quenched samples were im-
different alkali oxide contents. The glasses with low alkalimediately transferred to another furnace and were annealed

content consist of a continuous random network constructefP tWe hours at 150°C to remove residual stresses. All the

: : : : lasses were found to be yellowish in color and transparent.
by sharing corners of Te@rigonal bipyramids and TeQ 9 . . : . .
pglyhedrag having one nonbgdging org/gen. It is worth rlnen_X—ray diffraction studies were carried out to verify the amor-

7 ; phous nature of the preheated samples. The differential ther-
tlﬁm?grthgt tt)hednotatldon TeD, met{:\nsi tI’|1at ther_lt_a acr)et:hrze. mal analysis was carried out to determine the glass transition
short Te-0 bonds and a comparatively longer 1€-L bonad e heratyre. The density at room temperat@@8 K) was

the TeQ, 1 polyhedra. For the glasses with alkali content in measured by Archimedes’ principle using acetone as an im-

the range 2030 mol %, Te@igonal pyramids having non- mersion liquid. The average cation-cation distahgewas

bridging oxygen permeate the whole network. Further in-qeiormined from the chemical composition and density.
crease of alkali content results in isolated structural unit

o o i S For electrical measurements, gold electrodes were depos-
such as TgO; which coexists in the continuous network.

= Al "+ jited on both the surfaces of the disc-shaped samples of di-
Above 30 mol % of alkali oxide, the glass network consistSymeter ~1.0-1.5 cm and thickness-0.08—0.1 cm by

of TeO;,, polyhedra and Te§xrigonal pyramids along with yacyum evaporation. Electrical measurements were carried

isolated structural units such as, 0§ and TeG ions. The  outin a precision RLC metémodel 7600 Quad Teglin the

electrical properties of alkali tellurite glasses have been alsgemperature range 373-533 K and in the frequency range of
studied’ ™ These glasses have shown high ionic conductiv-1g Hz—2 MHz.

ity. It has been observed that the T.ekiased glasses contain-
ing transition metal ions have higher electronic conductivity
than that of the glasses based on other conventional network
formers such as s, B,O,, etc?71* However, a few re-
ports exist on electrical properties of the sodium tellurite The x-ray diffraction patterns for all glass compositions
glasses?! Although an interstitial mechanism for ion trans- listed in Table | showed no trace of crystallinity. The molar
port in these glasses has been proposed, there has beenvaumeV,, calculated from the density and composition and
attempt to our knowledge to investigate the relaxationthe glass transition temperatufg determined from the dif-
mechanism in ionic tellurite glasses. ferential thermal analysis curves are given in Table I. It may
Our present study explores the conductivity and relaxbe noticed that with increasing Ma content the molar vol-
ation mechanism in sodium tellurite glasses. We have apume increases while the glass transition temperalyrde-

IIl. RESULTS AND DISCUSSION
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TABLE |. Molar volume, glass transition temperature, dc conductivity at 200 °C, dc activation energy,
conductivity relaxation time at 200 °C, relaxation activation energy, and high frequency dielectric constant
(e,.) for Na,O-TeQ, glasses.

Composition Vi Ty l00i0020c  AE, 100i0%mpoc  AE, €. (w0=10"sec’
(mol %) (cm¥mol) (°C) (Q 'cm™) (ev) (seq (eV) andT=472K)
Na,0 TeO, +5 +0.01  +0.02 +0.01 =0.02

10 90 22.3 280 —-8.74 1.06 —2.76 1.06 68.6

15 85 23.0 260 —8.55 1.00 —-3.26 1.02 32.7

20 80 27.4 250 —8.38 0.96 -3.20 0.94 28.3

25 75 29.2 220 —7.52 0.89 -4.10 0.87 26.4

30 70 29.0 210 —6.80 0.93 —-5.04 0.96 19.2

creases highlighting the fact that more and more nonbridging

71 1 - fr 1 ' ' T 1T 71
oxygens are formed in the network as the concentration of ' 0 Na:O.B:Os[19] (a) ]
alkali oxide is increased. These results are consistent with the 0] A NazO.T ¢Ox[present work] ]
structural studies reported earlfer. -14 . NazO.TeOz[1 1] y

The dc electrical conductivitydy) was computed both 2 N NazO.SiOz[16] .
from the ac impedance plots as well as from the low fre- .~ .3] Na O.SiO (7] -
quency part of the conductivity isotherms. The plots of & 4] & oo o & % ]

e . 3} o Na20.P:05[18] 0,0 ©
logygogc Versus 1000 T for some compositions of sodium <~ 5] o & o ]
tellurite glasses are shown in Fig. 1. The straight lines & 5] og® ® 1
through the data indicate the thermally activated conduction ; " " s’ 1
mechanism or so-called Arrhenius behavior. The correspond- : i 8 Da
ing activation energ\AE, calculated from the slopes of the = —, 81 A b4 a? i
Arrhenius plots are given in Table I. =3 91 a ]

We have compared in Figs(& and 2Zb), the dc conduc- = -104 ]
tivity at 200 °C andAE,, respectively, of sodium tellurite 114 0 .
glasses with those of sodium ion containing glasses formed 121 o 4

i FA6,17 18 T v T T T v v .
with other network formers such as $iS'7 P,05," and 0.10 0.15 020 025 0.30 0.35 040 045 0.50
B,O3; (Refs. 19 and 20in a wide composition range. It can NazO (Mol fracti
be seen from Fig. (@) that tellurite glasses exhibit interme- 320 (Mol fraction)
diate conductivity nearly equal to that of borate glasses but e e e

T T 4 T T T T 1
less than the silicate and phosphate glasses at a particular 1.8 o Na:0.B:0j[19) (b)
temperature. The activation energy¥ , for conduction also . & Naz0.TeOzpresent work]
1.6 , ¢ Naz0.TeO11] E
-6 o Naz:0.Si0,[16]
1.4 o o Na:0.Si0[17] .
o 10Na:0.90TeO: s Naz0.P:0418]
o 20Na:0.80TeO: %‘ 12 |
25Na20.75Te0: ‘é @
—_ o Ao 5 a0 @
= 30Na.0.70TeO: 2 10 : ]
- w A 2 A
£ S Iy
‘To § 0.8 w4t 8
9, -8 4 g o0, o oo
p < 06 ¢ % 0 0 0 i
o ® ¢ ® ® @O
m?—’ 0.4 T T r 1 T 1t 1 " T 7 T 1
L 0.10 0.15 020 0.25 0.30 035 040 045 0.50
\\ NazO (Mol fraction)
-10 v T v T v T T T T
1.8 20 22 2.4 26 2.8
1000/T (K'1 ) FIG. 2. () Composition dependence of the dc conductivity at

200 °C for the tellurite, silicate, phosphate, and borate glagbgs.
FIG. 1. Temperature dependence of the dc conductivity of theComposition dependence of the dc activation energy for the tellu-
different compositions of N#®-TeO, glasses shown. rite, silicate, phosphate, and borate glasses.
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TABLE II. Average cation-cation distance, relaxation paramgestrain energy, binding energy, calcu-
lated dc activation energy, and experimental dc activation energy fgd-NaO, glasses.

Composition AR B AEg AEg AE, AE,

(mol %) A) (eV) (eV) (eV) (eV)+0.02
Na,O TeG, +0.03 +0.01 calculated experimental
10 90 5.70 0.77 1.00 0.06 1.06 1.06
15 85 5.02 0.75 0.88 0.12 1.00 1.00
20 80 4.84 0.72 0.85 0.14 0.99 0.96
25 75 4.60 0.63 0.81 0.15 0.96 0.89
30 70 431 0.63 0.76 0.21 0.97 0.93

obeys similar trends i.e., the tellurite glasses possess inter- It is interesting to note thaAEg for tellurite glasses in-
mediate activation energy¥E, nearly equal to that of borate creases with the increase of the ®acontent in the compo-
glasses but greater than that of silicate glasses. For exampltions in sharp contrast to silicdfeand borat€® glasses,

for glasses with 25 mol % N® the conductivities at 200 °C While AEg decreases with the increase of the,8aontent

for silicatel®!” phosphaté® borate!® and tellurite glasses, Similar to silicate glassé$but opposite to borate glasses.
respectively, are 3810° QO lcml 2.3x10°¢ The reason for such behavior is that the dielectric constant
QO lcm?! 602108 O 'cm! and 3.0x108 for tellurite glassegTable I)) is much higher than that of
Q~lcm L The activation energies for conduction for the silicate™® and borat? glasses and decreases with the increase

corresponding systems are 0.68, 1.16, 0.85, and 0.90 e\?f the NaO content and thus the contribution AEg [Eq.
respectively. (2a8)] to the total activation energey for tellurite glasses is

The activation energy for different compositions of the smaller and increases slightly with the increase of theONa

present tellurite glasses was calculated in the framework O(fontent and most of the contribution to the total activation

the Anderson-Stuart mod&land compared with the experi- energy comes from\Eg in contrast to silicate and borate

: lasses. The striking difference between the variation of
mentally observed values. According to the Anderson-Stuali 9

del and th | activati is th ¢ Eg with composition for tellurite glasses and that of the
model and the total activation energyk, is the sum of tWo ), ate and silicate glasses rises principally from the variation

parts: of the dielectric constant with composition. In tellurite
_ glasses the high dielectric constant arises from the highly
AE,=ABg+AEs, @ polarizable T&" ions and hence decreases with the increase
where AEg is the electrostatic binding energy andEg the ~ of the NgO content in the network, while in silicate and
strain energy which are given by borate glasses the dielectric constant contains the contribu-
tion from the partially ionic and partially covalent nonbridg-
AEg=B'ZZo% y(r+ry), B'=(2.1-r)/3.5, (28 ing oxygen-sodium bonds and increases slowly with the in-
crease of the N# content in the compositions. As pointed
AEs=4nGp(r—rp)2\, (2b) out in Sec. |, the network structures for tellurite glasses
, , ) loosen with the increase of the p& content in the compo-
whereg’ andy are parameters, with the latter being set equakitions and hence the energy required to dilate elastically the
to the relative dielectric constaet.; Z,r andZo,rq are the  strycture decreases with the increase of theQNaontent,
charges and radii, respectively, of the cation and oxygen arntesulting in a decrease &fEg with the increase of the N®
ion, rp is the “doorway” radius,Gp the shear modulus of content in the compositions.
the glass, and represents the average jump distance be- Typical conductivity isotherms of the 25Ma-75TeQ
tween the cation sites. The shear modulus for tellurite glassaglass composition are shown in Fig. 3, which exhibits a
were calculated form the Young's modulus and Poisson’srequency-independent conductivifiye., dc conductivity at
ratio reported by Lambsoet al?! and was approximately lower frequencies and a dispersive conductivity at higher fre-
equal to 2.0& 10 dyn/cn? and the corresponding doorway quencies. Other glass compositions also showed a similar
radius was assumed to be more or less equal to that of silehavior. The transition from the frequency-independent to
cate glasses that is,=0.62 A. X was assumed to be given frequency-dependent conductivity indicates the onset of a
by the average cation-cation distankg (Table Il) calcu-  relaxation phenomenon which is here analyzed in the frame-
lated from the composition and density. The assumption igvork of the modulus formalisri:
justified because in the Anderson-Stuart model an ion would According to Macedcet al** the electric modulus was
be recaptured in an interstice adjacent to one in which it hagefined as the electric analog of the dynamical mechanical
been freed. The calculated valuesXdEg, AEg, andAE,  modulus and was related to the complex permittiity w)
are given in Table Il. The results in Table Il show theEg DY

is higher thanAEg for all compositions of the present so- R N S PR * 2
dium tellurite glasses indicating that these glasses behave as M* (@) =1/ (@) ={€'(0) —i€"(0)}| " (0)]
strong electrolyte$’ These results were found to be strik- =M'(w)+iM"(w)

ingly different when compared withEg and AEg of so-
dium silicaté® and sodium borafé glasses wherd E; was Jw it

=M,|1— “Yde(t)/dtidt|, 3
found to be higher than th&Eg contribution. 0 e wide(v/dy ©
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FIG. 3. Isothermal frequency spectra of the conductivity for

25Na,0-75TeQ glass at several temperatures. FIG. 5. Temperature dependence of the conductivity relaxation

time of all compositions of N®-TeO, glasses shown.

whereM’ (w) andM"”(w)are the real and imaginary parts of

the electric modulusM..=1/e., is the inverse of the high- slightly with the increase of temperature. The valueegf
frequency dielectric permittivity and the functiaf(t) gives  =1/M., estimated at a frequency of 18ec* and at a tem-
the time evolution of the electric field within the dielectrics perature of 472 K is shown in Table I. The transition from
and was related to time by the decay function proposed bjong-range to short-range mobility of ions is manifested by a

Kohlrausch, Williams, and Waftsand is given by peak inM"(w) spectrd® and the peak frequenay,, is given
by w,mm~1, wherer,, is the most probable conductivity
p(t)=exd — (t/my)?], 0<B<1 (4 relaxation time. The values of,, were obtained from the

where 7,, was defined as the most probable relaxation time?€ak ofM"(«) Specffa- It can be seen i_n Table | that the
and 8 is the stretched exponential parameter. values of r,, at 200 °C show a decreasing trend with the

Isothermal frequency spectra of the modulus for thencreasing alkali content which can be explained on the basis

25Ng0-75TeQ glass are displayed in Fig. 4. Other glassOf the structural mod&Imentioned in Sec. | according to
compositions also showed a similar behavior. It is noticedVNich at lower compositions a continuous network of 7eO

that at high frequencies the real modulds’ tends to a tigonal bipyramids with a very few TeQ, polyhedra are

frequency-independent constant vaMe, which decreases Present. Consequently, the Te-Gites(which are the pref-
erential sties for conducting sodium jomssociated with

TeO;,, polyhedra are also less in nhumber. This makes the

0.04 L 25Na20-75Te0:2 10.04 o
o 486 K 12 .
o 472K 25Na:0-75Te02
003} » 463K {0.03 10} o 486K 110
453 K o 472K
v o8l o 463K 10.8
0.02} {0.02 v 453K
s = 06| o6 =
E8 ~
=
0.01 10.01 > o4l J04 =
= 2
02} {o2
0.00} 10.00
P R R R BT RPN B 0.0 40.0
1 2 3 4 5 6 7 8 ' I

Log,[o (s 1 )] 3 2 A 0 1 2 3 4
Log,, (0/om)
FIG. 4. Isothermal frequency spectra of the modulus for
25Na0-75TeQ glass at several temperatures. The solid curves are FIG. 6. Plots ofM'/M., and M"/M[ ., for 25Nga0-75TeQ
best fits to Eq(3). glass for the same temperatures as shown in Fig. 5.
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FIG. 7. Composition dependence of the cation-cation distance FIG. 8. Composition dependence of the stretched exponential
for borate, silicate, and tellurite glasses. parametelB for borate, silicate, and tellurite glasses.

creasing content of N® in these compositions. The values
ions mobile over long distances at lower frequencies only. Aof g for tellurite glasses were compared in Fig. 8 with those
further increase in frequency results in a spatial confinemerfor the sodium borate and sodium silicate glasses. The values
of the ions in their potential wells. So the frequency of theof 8 for 25 mol % of NaO for silicate?® borate?® and tellu-
transition being lower increases the relaxation time by th&ite glasses are 0.50, 0.53, and 0.63, respectively. This can be
relation w,7,=~1. As the alkali content increases more andexplained with reference to Fig. 7, which shows that cation-
more TeQ trigonal pyramids with nonbridging oxygen are cation distance is larger for sodium tellurite glasses than that
formed in the network which obviously increases the numbefor silicate and borate glasses. Thus the interaction between
of sites for the mobile ion. Thus the ions remain mobile overcations for tellurite glasses is lower than that for borate or
long distances even at higher frequencies, thereby resultingjlicate glasses and hence a higher valugddbr tellurite
in a decrease in the relaxation time. Figure 5 shows that thglasses is observed compared to its value for borate or sili-
conductivity relaxation time also obeys the Arrhenius behavcate glasses.
ior and the corresponding activation enet¢ . is shown in
Table I. It can be noticed that the activation energy for con- IV. CONCLUSIONS

duction is more or less equal to the activation energy for the W dath h studv of the electrical ducti
relaxation time which may be due to the fact that an ion has e reported a thorough study of the electrical conductiv-

to overcome the same barrier while conducting as well adly and the conductivity relaxation of sodium tellurite glasses
while relaxing consistent with the fluctuation-dissipation a;:ong with a c(;)?parlson V‘r’]'th th%se of other glasssslhavmg
theory. A master plot for the 25N@-75TeQ glass is shown the same modifier N&. T e An erson—.Stu.art model was

in Fig. 6 by scaling each frequency hy,, and the corre- employed for the calculation of the activation energy. We
spondingM” (w)[M” ()] by M..[M"max] mThe near perfect observed that the strain energy contribution to the activation

overlap of the data at different temperatures on a single ma&Ner9y for tellu_rite gl_asses is much higher than the binding
nergy part unlike silicate or borate glasses. The decrease of

ter curve indicates that all the dynamic processes occurrin ductivity relaxation ti e . tent of
at different frequencies exhibit the same thermal activatio € conduclivity relaxation time with Increasing content o
a0 was explained in the framework of the structural

energy or in the other way the relaxation mechanism in- def of tellurite al Th it £ th laxai
volved is temperature independent. Other glass compositior{?0 er ortellurite glasses. 1he variation of the refaxation

also showed a similar behavior. parameters vv.it.h composition was compareq with_those of
The stretched exponential paramefeof the relaxation borate and silicate gla§ses af‘d was explained in terms of
function shown in Table Il was determined by fitting Eg) correlation between cation-cation distance.
to the modulus data following Moynihaet al*’ The solid
curves in Fig. 4 are the best fits to the modulus spectra. The
variation of 8 from 0.75 for x=10 mol% to 0.63 forx The authors acknowledge the Department of Science and
=30 mol % is in conformity with Martin’s resulf§ accord-  Technology, Government of India for partly supporting this
ing to which as the cation-cation distance decreases witlvork (via Grant No. SP/S2/M26/93The financial support
increasing sodium oxide conteffig. 7), the cation-cation by the Council of Scientific and Industrial Research is also
interaction increases, resulting in the lowering®Wwith in-  acknowledged by one of the authd#s.P.).
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