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dc conductivity of V,0 s-containing zinc tellurite glasses
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The dc electrical conductivities @ffe0,)q g x-(V 205),-(Zn0O) ¢, (0.05<x=<0.35) glasses are reported in
the temperature range 100—400 K. Mott's model of thermally activated small-polaron hopping between the
nearest neighbors is found to be consistent with the high-temperature experimental data. The temperature
dependence of conductivity is found to be consistent with the predictions of Schnakenberg’s model.
[S0163-182697)04510-4

I. INTRODUCTION Il. THEORETICAL BACKGROUND

The theoretical models used in the analysis of the experi-
The electrical conduction in oxide glasses containingmental data are briefly described below.

transition-metal oxidé TMO) occurs by thermally activated ~ The electrical conduction in TM ion containing glasses is
small polaron hopping from the low valence state to the higtfiscussed by Mott in terms of thermally assisted small-
valence state of the TM ioflike between V4 and V*®ions ~ Polaron hopping between localized states. In the high-
in vanadate glasspsThe oxide glasses containing vanadium temperature range, i.€l.> 6p/2, the dc conductivity is due
have been extensively studi&d The dc electrical transport {0 Small-polaron hopping among the nearest neighbors and in
studies on glasses containing C(Refs. 7—10 and MoO, 1€ nonadiabatic regime it is given by
(Refs. 11 and 1Rare also reported. TeQin combination 2R?
with modifiers like ZnO forms stable glasses at a cooling rate o= voNe'R
of ~1-10 K/min, typical of glass preparatidhThe tellurite kT
glasses are known to have low glass transition temperature, ) o )
high refractive index, and high transmittance from ultravioletWhereo is the conductivity at temperatufig v is the pho-
to near infrared. These glasses consist of Té@onal bi- 10N frequencyc is the ratio of concentration of the TM ions
pyramids, deformed TeQ groups, TeQ.; units, and in thellow valen_ce state to the tota] number of yran3|t|on
TeO; trigonal pyramids or a combination of these metal ionsN, R is the average hopping distance,is the

314 . . electron-wave-function decay constant of thd 8lectron
polyhedrag3* TeO,-rich glasses are characterized by functi aW is th fivati ¢ d
TeO, building units’** Both Te-Q,, axial bonds in the wave function, andv Is the activation enerdy for conduc:

: ) tion. Assuming a strong electron-lattice interaction, Austin
TeO, polyhedra are strongly dynamic and easily attacked b¥1nd Mott® have shown that
the modifier. When a modifier oxide is introduced in the
glass matrix, one of the Te-Q) bonds in TeQ polyhedra 1
undergoes elongation. The Tg@olyhedra with one elon- W=W,+ EWD for T> 6p/2,W=Wy for T<6p/4,
gated Te-Q, bond is a TeQ. ; unit. Tellurium atoms take a

3+1 coordination state for the Te- Q) bond length from 2

0.208 to 0.298 nm. For a Te-Qbond length>0.298 nm the  \yhere Wy, is the polaron hopping energy anf, is the
TeO, polyhedra is transformed into a TgOunit'*'*  gisorder energy arising from energy differences of the neigh-
The introduction of ZnO in the binary glass leads to aboring sitesfp~hwv,/k is the Debye temperature ang the
TeOQ,—TeO;,, transition. The number of TeQ; units is  phonon frequency of the material. The tunneling term
limited by ZnO addition'3 exp(—2aR) in Eq. (1) reduces to unity if polaron hopping is

In the present study we have investigated the glass forman the adiabatic regime and the conduction is mainly con-
tion range of the composition in the ternary systemtrolled by the activation energW. This model predicts an
(TeO,)gs-x-(V205),-(ZnO)¢, at cooling rates typical of appreciable departure of linearity in a lgbr) vs 1T plot
glass preparation1-10 K/min. The (TeO,),g(Zn0)g,  below a temperatur@= 6,/2 indicating decrease in activa-
glass has a chainlike structure of TgQ and TeQ  tion energy with the decrease in temperature.
groups' The substitution of V ions at the Te site is likely to  Schnakenberg'’s theoretical motigbredicts the tempera-
create chainlike paths along which the polaron hopping conture dependence of dc electrical conductivity. The activation
duction can take place. The objective of the present studgnergy in this model decreases with the decrease in tempera-
is to examine the dc electrical conductivity as ture. According to this model, the conductivity at high tem-
a function of composition and temperature of perature is due to optical multiphonon processes. With the
(TeO,)ps-x-(V205),-(ZnO)y, glasses. Moreover, there decrease in temperature the multiphonon process is replaced
is no report on the synthesis and properties ofby a single optical-phonon process. At the lowest tempera-
V ,05-containing zinc tellurite glasses. ture the polaron hops with one or more acoustic phonons

C(l_c)e72aRe7W/kT’ (1)
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TABLE |. Various physical parameters ¢fe0,)qg ,-(V,05)4-(Zn0O), » glasses.

Composition Density N VAR c=V*4N R o
x (mol %) (gem™d) (1072 cm™9) (102°cm™9) R (A)
0.05 5.24 0.22 6.76 0.311 7.72 3.11
0.15 5.02 0.61 7.77 0.126 5.46 2.20
0.25 4,51 0.91 8.32 0.092 4.79 1.93
0.35 4.09 1.14 9.19 0.081 4.45 1.79

making up the energy difference between sites. The conducarried out only on samples with 5 to 35 mol %®5 con-

tivity expression in this model is given by

tent. The samples with ¥O5 content more than 25 mol %
are very brittle and as a result, the samples with higher

1[ . [hpe)\]¥? 4W,, hyg V ,05 were very small. Due to small sample size the lowest
o T S'”}(m exp -~ h_Vo) tanf 7T temperature for conductivity measurements was 140 K for
the glass-containing 35 mol % XDs. The dc electrical con-
Xexr{ _ % 3) ductivity measurement of the samples of the same composi-
kT /' tion taken from different batches prepared under identical

conditions showed agreement within 5% in their room-

where the symbols have their usual meaning as defined igmperature conductivity. The dc conductivity on the same

Mott's model.

IIl. EXPERIMENTAL

The glasses of composition(TeO,)q g x-(V 205)y-
(ZnO)y Ax=0.05, 0.15, 0.25, 0.35, and 0M&vere synthe-

sample in different runs agreed within 2%. The lower limit
of the temperature range utilized was decided by the experi-
mental difficulty of measuring currents less than ¥DA
with the equipment available.

Table | shows various physical parameters of the present
glass system. The density andralue of the glass decreases

sized using(99.99% pure powders of tellurium oxide, zinc th increase in 4O content. Figure 1 shows the variation
oxide, and vanadium oxide in the appropriate ratio. The mixf |ogarithm of electrical conductivityy as a function of
ture was calcined at 200 °Crfd h and then melted in @ jnyerse of temperature for various glass compositions. The
platinum crucible at 850 °C in an electric furnace. The melthonjinearity of these plots implies a temperature dependence
was held at this temperature for about 15 min and then rapst activation energy. This kind of variation of lggdo) vs

idly quenched between two copper blocks. The amorphoug/T is characteristic of small-polaron hopping conduction
nature of the glasses was ascertained from x-ray diffractiogyechanisms in TMO-containing glasses. The polaron radius
and infrared spectroscopic studies. The x-ray diffraction of 5n pe estimated from the equation given by Bogomolov,
the present glasses indicated that the samples with 5— dinov, and Firsot® for a nondispersive system as
mol % of V,0O5 are fully amorphous and the sample with 45

mol % of V,0¢ contains fine crystallites embedded in the 1/ o |13

amorphous matrix. The density of the glass samples was =3 6N (4)
measured by the Archimedes principle. The EPR spectra
show hyperfine structure characteristic of ¥ions in these

glasses. The reduced transition-metal ion concentration oL x = 0.05
(V"4 was estimated by the KMngititration method. The B : - 8 ;g
total number of transition-metal ions was determined from x = 0.35

the composition of the glasses. The dc electrical conductivity f\ sl
measurements on the disc-shaped samples of about 0.5 mm &
thickness were carried out by a Keithley 617 programmable ©
electrometer in a cryostat fitted with a temperature controller. 7 -10f
The linear |-V characteristic between the electrodes was
verified. To relieve the samples of any mechanical stress and
to stabilize the silver electrodes, the glasses were annealed at

£

o —-12
a temperature around 150 °C for 2 h. e

O

_14 -
IV. RESULTS AND DISCUSSION

The fully amorphous samples in the present glass system
could be obtained with a maximum of 35 mol % of,U5 2 3 4 5 6 7 8
content using the typical cooling rate of 1-10 K/min. Al- 1000/T (K™
though the amorphous sample with highepQf content
could be prepared by a twin roller quenching apparatus, the FIG. 1. Plot of logarithmbase 10 of conductivity vs tempera-
sample size was too small to be used for conductivity meature inverse for(Te0,)q s «(V205)«(Zn0),,» glasses. The solid
surements. The dc conductivity measurements were therefoliges are the best linear fits as per Mott’s model.
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TABLE Il. Various electrical parameters ofTeO,)qg -
(V505),-(Zn0) ¢, glasses. ooooo y

o n
oo
AR = O
oo G

Composition o at 300 K W Wat 390 K v, (adig a
x(mol%) (O tcm™Y) (ev) (eV) Hz A

0.05 9.3% 10 * 0.56 0.60 1.3&10° 0.87
0.15 1.7 10°1° 0.44 0.49 1.2%10° 1.03
0.25 4.26<10°° 0.37 0.42 6.5%10° 1.00
0.35 7.24<10°% 0.36 0.39 7.7€10° 0.80

Ther, value is small and comparable to the reported values
for other glass systems*!°~12This shows the presence of
strong electron-phonon interaction and formation of small
polarons in the present glasses. The conductivity of these
glasses is about 2 orders of magnitude lower than that =15, é ; s é ; é g o
of tellurium vanadate glassksontaining similar amount of 1000/T (K™

V,0s5. This shows that TM-oxide content alone does not

determine the magnitude of conductivity. The glass former FIG. 3. Plot of loggT) vs 1G/T of the experimental data of

and the mo‘_jifier a_lso play a role in fixing the magnitude OfFig. 1. The solid curves are the best fits to Schnakenberg’s model
the conductivity. Figure 1 shows that lgfjo) varies almost [Eq. (3)].

linearly in the temperature range above 250 K indicating an

almost constant activation energy. The deviation from linear- ) )

ity starts at around 240 K and increases with the decrease fh Particular temperature was made by drawing tangent to

temperature. These results are in accordance with the Mott!§910o(o) vs 17T curve at that temperature. Table Il also lists

small-polaron hopping model. The temperature 240 K ath€ activation energy at 390 K obtained by this method.

which the departure from linearity in log) vs 17T plots  1hese values are close to the activation energy obtained from

occurs can give an estimate @ (Debye temperatuje The the linear fits. The conductivity increases and the activation

estimated 6,/2=240 K gives v,=1.0x10"° Hz for the €nergy decreases with the increase iRO4 content. The

present glasses. glass having the highest conductivity has the lowest activa-
The high-temperature activation enengylisted in Table tion energy. This is consistent with E(), but the variation

Il is obtained from the linear least-squares fits for variousn the preexponential term might be present and can lead to

glasses. A more precise measurement of activation energy ggviations of the experimental data from the equation. A
logio(o) vs W plot at a high temperature, say 390 K can

ascertain the variation in the preexponential term. Figure 2
shows such a plot to be a straight line. This shows that the
preexponential term of Eq1) inclusive ofe™ 2R is virtually
constant andV appears to dominate the factors which deter-
mine the conductivity.

Substituting the values of various physical parameters
from Table | in Eq.(1), the value ofa can be estimated
assuming vy~ 10" Hz [estimated from log(o) vs 1T
plots| for all the glasses. The estimated valueswafre given
in Table Il. These values are within the limits predicted by
Austin and Garbetf and the requirements of applying small-
polaron theory ViZa_1<rp<R are fulfilled in all the com-
positions of this glass system.

To ascertain whether the preexponential te&n?*R can
be ignored, the/, (adiabati¢ for various glasses is estimated
from Eq.(1) (takinge™2*R=1) using physical parameters of
these glasses from Table |. Thg (adiabati¢ is about 4—6

o35 045 055 0.65 orders of magnitude smaller than the phonon frequency esti-
W (eV) mated from logq( o) vs LT plots. This discrepancy could be
explained by taking into account the effect of the interaction

FIG. 2. Plot of logarithm(base 10 conductivity vs activation between polarons, i.e., _Correlat'on effédthis would imply
energy for different compositions Of(TeO,)qs - (V,0s),- that the factorc(1—c) in Eq. _(1) shou_ld be replaced by
(ZnO),, glasses. The parameters of the points ake=X c(1—c)"*1. However, it is difficult to find any reasonable
and logyo)=Y. The points K=0.60Y=-11.43); Value ofn to account for the large difference i, values.
(X=0.49Y=-8.44); (X=0.42Y=-6.95), and K=0.39, The value ofy, (adiabati¢ can be made close to the optical-
Y=—5.72) are for the samples containing 5, 15, 25, and 35 mol %phonon frequency= 10™ Hz) by considering\ to have val-
of V,0s, respectively. ues lower than than the actual measured values and assuming
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TABLE Ill. Parameters obtained by fitting Schnakenberg’'s  The temperature dependence of conductivity as observed
model to the experimental data. from the experimental data in Fig. 1 is consistent with pre-
diction of the Schnakenberg modélFigure 3 shows the
Composition Vo Wy Wp y=Wy/hyg experimental data and the theoretical cur{gasid lineg ob-
x (mol %) (10%Hz)  (ev) (eV) tained from Eq.(3). The values of the parameterg, W, ,
0.05 10 0.60 003 1450 andWp, obtained from the best fits of the theoretical curves

to the experimental data are given in Table Ill. The hopping

0.15 1.0 0.49 0.04 11.84 . . A

energyWy decreases with the increase in®5 content and
025 1.0 0.41 0.08 9.91 it is very close to the value of activation energy at 390 K
0.35 1.2 040  0.08 8.05 y ay

listed in Table Il. They, value is close to the value obtained
from Mott's model. The disorder energy/y is close to the

that only a fraction of sites participates in conduction. How-Prediction of the Miller-Abrahams theofy.Using thev, and
ever, the value o needed would be of the order of 40 Ww Values one can calculate the value of the small-polaron
and if such a small fraction of sites were to participate inCOUPIiNg constanty=Wy /hv,. The value_ofy_>40]|u%ually
conduction then the variation of conductivity with composi- indicates strong electron-phonon interaction in sofids.
tion cannot be easily explained.

The nature of polaron hopping whether it is in the adia- V. CONCLUSIONS
batic or nonadiabatic regime can be ascertained from ..o composition (Te0,)og w-(V 208),-

log, (o) vs W plot at a fixed temperature for glasses of 7,0 (x—0.05, 0.15, 0.25, 0.35, and O)ere obtained
different composition$:’ The estimated temperatuifg from at cooling rates typical of glass formation. Fully amorphous

the slope of such a plot will be close Toif the hopping is in glass samples were obtained with-0.05-0.35 of \4Ox.

. . . O _ZaR_ . .
the adiabatic re.g|mé|.e., € ._.1 in Eq. (1)] _and W'" b.e The dc electrical conductivity of the synthesized glasses as a
different fromT if the hopping is in the nonadiabatic regime function of temperature were determined. The high-

and the terme” 2*% in Eq. (1) cannot be ignored. The tem- temperature conductivity data are explained in view of
peratureT . (within bracket$ is very much different from the  \4tt's polaron model. The temperature dependence of elec-
temperature at which the ledo) is plotted aga|rlst/\é N trical conductivity is consistent with the prediction of

Fig. 2. This further supports that the tunneling teem?*™in  gchnakenberg’s polaron hopping model. The best fit of this
Eq. (1) cannot be ignored and the conduction in the present,oqe| to the experimental data gives the value of the physi-

glasses is in the nonadiabatic regime. cal parameters which are found to be reasonable.
The studies on molybdenum tellurite glasses have

shown that the tunneling term cannot be neglected. Similarly
from the above analysis it is clear that the tunneling term in
Eq. (1) cannot be neglected and the conduction in the present The financial support from University Grants Commission
glass system takes place in the nonadiabatic regime. (India) is gratefully acknowledged.

ACKNOWLEDGMENT

1C. H. Chung and J. D. Mackenzie, Rev. Chim. M5, 308  ?A. Mansingh, J. K. Vaid, and R. P. Tandom, J. Physl@C4061

(1979. (1977).
2M. Sayer and A. Mansingh, Phys. Rev.634629(1972. 134, Burger, K. Kneipp, H. Hobert, W. Vogel, V. Kozhukharov,
3L. Murawski, C. H. Chung, and J. D. Mackenzie, J. Non-Cryst.  and S. Neov, J. Non-Cryst. Solid$1, 134 (1992.
Solids 32, 91 (1979. 14y Dimitriev, V. Dimitrov, and M. Arnaudov, J. Mater. Scl§,
4V. K. Dhawan, A. Mansingh, and M. Sayer, J. Non-Cryst. Solids 1353(1983.
(D7 87(1982. 15N, F. Mott, J. Non-Cryst. Solid, 1 (1968.
6R. Singh, J. Phys. 0.7, L57 (1984. 18], G. Austin and N. F. Mott, Adv. Physl8, 41 (1969.
7R. Singh and K. Sethupathi, J. Phys.2R, L709 (1989. . 175 Schnakenberg, Phys. Status Salif]j 623 (1968.
C. F. Drake, I. F. Scalan, and A. Angel, Phys. Status SQgli

18y, N. Bogomolov, E. K. Kudinov, and Y. A. Firsov, Fiz. Tvrd.
193(1969.

8A. Duran, J. R. Jurado, and J. M. F. Navarro, J. Non-Cryst. Solidsg,
79, 333(1986. '

°R. Singh and E. Zacharias, J. Phys2B 199(1990.

10g, zacharias and R. Singh, Solid State Comnf8).135(1995.

IR. Singh and J. S. Chakravarthi, Phys. Re\6 B 16 396(1995.

Tela9, 3175(1967 [Sov. Phys. Solid Stat®, 2502(1968].

G. Austin and E. S. Garbett, iBlectronic and Structural Prop-
erties of Amorphous Semiconductoeslited by P. G. Lecomber
and J. Mort(Academic, New York, 1973 p. 393.

20, Miller and S. Abrahams, Phys. Re%20, 745 (1960).



