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ac resistivity has been measured for glasses in the system (Sb,03), (P,O0s)(;—,) with 0.03 <x <0.2 over a
frequency range 2—100 kHz for temperatures varying from 100 to 350 K. The resistivity shows a fre-
quency dependence given by p(®) < ™ * with s having values in the range 0.8—-0.95. The conductivity in

these glasses arises due to the presence of Sb3* and S

b5+

ions. A correlated-barrier-hopping model of bi-

polarons predicts hopping-length values which are inconsistent with the overall concentration of an-
timony ions in the glasses concerned. The overlapping-large-polaron model, on the other hand, gives the
correct variation of tunneling distance with glass composition.

I. INTRODUCTION

Semiconducting properties in oxide glasses containing
transition-metal ions originate as a result of the presence
of two valence states of these ions in the glass matrix,
e.g., V¥t /v3t Fert /Fe3*t, and Cu®/Cu?t.!”3 Elec-
tronic conduction in these glasses has been shown to arise
from a small-polaron-hopping mechanism. In silicate
and borate glasses containing antimony and arsenic ox-
ide, respectively, the latter have been shown to exist in
two valence states, viz., Sb>T/Sb>T and As**T/As’T.
Such ion pairs contribute to electrical conduction in these
glasses by the mechanism of hopping of a pair of elec-
trons (bipolarons) between the two ion sites con-
cerned.*~7 A correlated-barrier-hopping (CBH) model
has been invoked to explain the nature of ac-resistivity
variation in these glasses. We have carried out
transport-property measurements on glasses in the sys-
tem (SbyO;),(P,05);—,) with 0.03<x <0.2. The ac-
resistivity data in the temperature range 100-350 K indi-
cate that an overlapping-large-polaron-tunneling (OLPT)
mechanism is operative in this glass system. Such a
mechanism, although predicted theoretically, has been
found to be present in only a very few systems.> We re-
port the details of our investigation in the present paper.

II. EXPERIMENT

The glasses were prepared by melting AR-grade chemi-
cals. Antimony was introduced as Sb,0O; and P,05 was
derived from (NH,),HPO,. Calculated amounts of these
chemicals were taken in an alumina crucible and the mix-
ture was melted in an electrically heated furnace at a
temperature around 1470 K. Glasses were cast by pour-
ing the melt onto an aluminium plate. The amounts of
antimony ions present in the two valence states were
determined by chemical analysis. The glass sample (~2
g) was first dissolved in a mixture of distilled water and
NaOH. The solution was stirred continuously for 30
min. Dilute H,SO, was then added to the solution drop
by drop until the latter showed a pH value equal to 1.
The solution was titrated with 0.02N KMnO, and the
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amount of Sb>* ions present was determined.”!°

To determine the amount of Sb>" ions the glass solu-
tion prepared as above was mixed with about 5 g of po-
tassium iodide. A small amount of sodium bicarbonate
was dissolved in the mixture for creating an atmosphere
of CO,. This solution was then titrated with 0.01N sodi-
um thiosulphate using starch solution as an indicator.
Table I gives the glass compositions and the values of
[Sb>t]/[Sb3"] as obtained by chemical analysis for the
different glasses. The figures within parentheses in this
table indicate the starting composition of the glass con-
cerned. It is evident that there is a substantial loss of an-
timony oxide by volatilization during the melting process.

The densities of the different glasses were determined
by Archimedes principle using acetone as the liquid. The
total concentration N, of antimony ions was estimated
from the density value and the glass composition con-
cerned. The average separation R between the antimony
ions within the glass was calculated from the equation

1/3
3

41N,

(1)

In Table II the density, antimony ion concentration, and
average intersite separation are shown.

For electrical measurements glass samples of dimen-
sion 1 cmX1 cm X2 mm were used. After polishing the
surfaces they were painted with silver electrodes (sup-
plied by Acheson Colloiden B. V. Netherlands). ac mea-
surements were carried out in a General Radio 1615-A
capacitance bridge over a frequency range 2-100 kHz for
temperatures varying from 100 to 350 K. The sample
holder used has been described earlier.*

TABLE I. Compositions of the glasses investigated.

Glass P,04 Sb,0;
no. (mol %) (mol %) [Sb>*]1/[Sb3*]
1 96.9(90) 3.1(10) 0.003
2 88.3(80) 11.7(20) 0.009
3 80.1(70) 19.9(30) 0.045
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TABLE II. Density, intersite separation, and antimony ion
concentration in different glasses.

Average
Antimony intersite

concentration separation
Glass Density N, R
no. g cm™? (cm™3) (A)
1 2.95 7.5X 10% 6.8
2 3.42 3.0X 10% 43
3 3.89 5.4X10%! 3.5

III. RESULTS

Figures 1-3 show the variation of ac resistivity as a
function of inverse temperature for glass nos. 1, 2, and 3,
respectively. The symbols represent the experimental
data. The continuous lines merely indicate the trend of
resistivity variation. All samples exhibit a lowering of
resistivity as the temperature is increased. Also, there is
a gradual decrease in activation energy as the tempera-
ture is reduced. It is to be noted that there is a sharp de-
crease in resistivity at around 280 K observed for glass
no. 3. This is ascribed to the presence of a higher frac-
tion of antimony ions in the pentavalent state in this glass
as compared to the other two glass compositions. This
will be apparent when we discuss the model for transport
in the present glass system in the following section.

The ac resistivity of all the glasses has been found to
obey the relation

plw)co™*, (2)

where o is the angular frequency and s is the exponent.
By a least-squares fitting of these data we find the value of
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FIG. 1. Variation of ac resistivity as a function of tempera-
ture for glass no. 1. The curves are for the following data: 2, 5,
7, 10, 20, 50, and 100 kHz.
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FIG. 2. Variation of ac resistivity as a function of tempera-
ture for glass no. 2. The curves are for the following data: 2, 5,
7, 10, 20, 50, and 100 kHz.

s to be nearly unity (in the range 0.8-0.95) for all the
glasses. In order to determine the physical model which
explains our data we have carried out detailed analysis as
described in the following section.

IV. DISCUSSION

We have used two different models which were dis-
cussed by us earlier to explain the ac-conductivity
behavior of silicate glasses containing Sb°>t and Sb3™
: 1
ions.
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FIG. 3. Variation of ac resistivity as a function of tempera-

ture for glass no. 3. The curves are for the following data: 2, 5,
7, 10, 20, 50, and 100 kHz.
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In the correlated-barrier-hopping model® in the present
system two electrons hop simultaneously between the de-
fect sites represented by Sb>* and Sb>™ ions, respectively.
The ac resistivity has the following expression:

plw)=12/[7N2e€wR ], (3)

where N is the spatial density of localized states, € the
dielectric constant of the glass, €, the free-space permit-
tivity, o the angular frequency, and R, the hopping
length. The value of R, is given by the equation

R, =2e%/[meey( Wy +kT Inwty)] , )

where e is the electronic charge, W, the barrier height at
infinite intersite separation, k the Boltzmann constant, T’
the temperature, and 7, a characteristic relaxation time
which is assumed to have a value of the order of inverse
phonon frequency. The frequency exponent s is given by

s=1—[6kT /(W +kT lnwt,)] . (5)

The experimental ac-resistivity results were fitted to
the above equations using W,,, 7y, and N as parameters.
In Fig. 4 we show the theoretical curves fitted to the ex-
perimental data at five different temperatures for glass
no. 2. These are typical for all the glasses at different
temperatures. The symbols represent the data points and
the solid lines the least-squares-fitted curves. The param-
eters obtained in the case of different glasses are summa-
rized in Table III. The values of R have been calculated
from Eq. (4) using the values of these parameters. It is
evident from these values that the hopping length R, is
predicted in this model to increase as the antimony con-
centration increases in the glass. The density N of local-
ized states, on the other hand, shows a decreasing trend
with antimony concentration. Such results are obviously
inconsistent with the physical situation. It is concluded
therefore that the CBH model does not hold well in the
present glass system.
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FIG. 4. Variation of conductivity as a function of frequency
at different temperatures for glass no. 2. The curves are for the
following data: 300, 252, 227, 180, and 121 K. Theoretical
curve by CBH model.
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TABLE III. Parameters obtained from the CBH model by
least-squares fitting.

Glass To Wi R N

no. (sec) eV) (A) (cm™3)
1 1.3x10713 2.78 5.0 2.4X 10%
2 1.4X1071 2.56 7.0 8.5X10'°
3 1.0x10713 1.34 11.9 1.9 10"

We now consider the overlapping-large-polaron-
tunneling mechanism.'? In this case the spatial extent of
the polarons is supposed to be large compared to intera-
tomic spacing. The polaron-hopping energy W in this
model is given by the following equation:

WH=WH0(l—rO/R)’ (6)

where r is the radius of the large polaron, Wy, is a con-
stant, and R is the intersite distance.
The ac resistivity in this case is given by

()= 12[2akT + Wyoro/R% ]
O A (KT [N(Ep) PR

(N

where a ! is the spatial decay constant for the localized
electron wave function, N(E) the density of localized
states at the Fermi level, and R, the tunneling distance
at angular frequency w and is given by the expression

R,=-L \ln(l/coro)—WHo/kT
1/2‘

4a
|
(8)

The frequency exponent s is obtained from the follow-
ing equation:
8Rma+6r0WHo /kaT

s=1— - ©)
(2R ,a+7roWyo /R KT)

1

Ty

~ Who

2+ Saro WHO
kT

kT

In

The experimental data were fitted to the above equa-
tions using 75, Wy, 7o, @, and N(Eg) as the parameters.
Figure 5 shows the theoretical curves fitted to the experi-
mental data at five temperatures for glass no. 2. These
are typical for all the glasses at different temperatures.
The symbols represent the data points and the continuous
lines the least-squares-fitted curves. The parameters as
determined in the case of different glasses are summa-
rized in Table IV. The values of R, have been calculated

TABLE IV. Parameters obtained from the OLPT model by
least-squares fitting.

Glass To Wyo ro a_; R, N(Ep)
no. (sec) ev) (A) (A) (A) eviliecm™?
13x10°% 14 145 06 149 3.5Xx10%
1.3X1071% 09 75 0.6 88 8.9X10%
3 13X10712 05 67 07 83 1.1x10%
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FIG. 5. Variation of conductivity as a function of frequency
at different temperatures for glass no. 2. The curves are for the
following data: 300, 252, 227, 180, and 121 K. Theoretical
curve by OLPT model.

from Eq. (8) using the values of these parameters. Figure
6 shows the variation of s as a function of temperature for
glass no. 2. The fit between theory and experiment is sa-
tisfactory. This is typical of the other glasses also. The
value of Wy decreases as the Sb,0; concentration is in-
creased in the glass system. This is due to the increase in
glass density which brings about an increase in the dielec-
tric permittivity of the glasses containing a higher mole
fraction of antimony ions. Such an increase will cause
the polaron-hopping energy for R — o to decrease be-
cause of the electrostatic nature of interaction involved.!?
These results give R, values which are consistent with
the antimony concentration in the different glasses. It is
therefore concluded that the OLPT mechanism controls
the low-temperature ac-resistivity behavior in the present
glass system. The number of antimony sites participating
in the OLPT mode of conduction is estimated from
KTN(Ep) with T~300 K. The values are found to be
9.1X10"® cm™3,2.3X 10" cm ™3, and 2.7X 10" cm ™3 for
glasses 1, 2, and 3, respectively. It is evident therefore
that only a small fraction of the total antimony ions
present in the glasses contribute to the conduction mech-
anism. This is believed to arise due to some of the an-
timony ion sites being rendered inactive by some complex
formation.!® In the present case, we can visualize the for-
mation of a structure like the following:
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FIG. 6. Variation of s as a function of temperature for glass
no. 2. (O) Experimental data: OLPT model.
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The above structure is constructed keeping in view the
fourfold coordination exhibited by phosphate glasses.!*
The Sb3" and Sb>T ions occupying the interstitial sites
contribute to the electron hopping transport. From the
low values of [Sb>t]/[Sb*>* ] as estimated for the present
series of glasses it appears that most of the Sb*>* ions take
part in the above complex formation. As a consequence,
the effective intersite separation between the antimony
ions contributing to bipolaronic conduction should be
higher than that estimated from the chemical composi-
tion of these glasses. This is, in fact, borne out by the
large values of R, shown in Table IV as compared to the
R values given in Table II.

An interesting feature of the present results is that in a
related glass system, viz., Sb,0;-SiO,, the CBH model
was found to hold in the temperature range 170-290 K.!!
Evidently the difference between the two systems lies in
the network formers used in these glasses. We have cal-
culated the value of mean electronegativity difference X
between oxygen and the other atoms in these glasses from
the following relation:

= (Xo XSb)+2(XO Xp/si) , (10)
where X,, Xg,, and Xp,; represent the Pauling elec-
tronegativities of oxygen, antimony, and phosphorous (or
silicon as the case may be) atoms, respectively.!’* In the
case of Sb,0;-P,05 system X =1.5, whereas for Sb,0;-
SiO, system X =1.7. A lower value of X means the bond
between oxygen and other atoms will tend to become
more covalent. This will mean a larger spatial distribu-
tion of the outer electrons with respect to the interatomic
separation. As a result the effective value of a ™! will be
higher in the case of the Sb,0;-P,O5 system than that in
the Sb,0;-Si0, glasses. Such a situation should make the
OLPT mechanism operative in the case of Sb,0;-P,0;
glasses whereas the CBH mechanism should be predom-
inant in Sb,0,-Si0, glass systems.

In summary, the ac-resistivity characteristics of glasses
in the system (Sb,03)(P,05);_,), with 0.03 <x <0.2 have
been reported. The resistivity obeys a ™ ° variation. The
resistivity variation as a function of frequency and of
temperature has been analyzed on the basis of both CBH
and OLPT models. The least-squares-fitted parameters
deduced from the OLPT model are consistent with the
intersite separation as expected from the chemical com-
positions of the different glasses.
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