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Electrical conductivity of molybdenum phosphate

(MoO3 : P2O5) glasses
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The dc conductivity of molybdenum phosphate glasses with the batch composition
[(MoO3)z(P2O5)z−1] where z= 0.55, 0.60, 0.65, 0.70, and 0.75 has been studied. The
non-linearity of the Arrhenius plot (ln(σ ) versus T −1) may be due to processes involving
several similar activation energies, conduction by small polarons, or variable range
hopping of carriers. The electrical conductivity results for these glasses have been
discussed by applying the two models suggested by Meunier et al. and it has been found
that the use of the small polaron model yields physically plausible values for WH and WD

within experimental error. C© 2000 Kluwer Academic Publishers

1. Introduction
The 3d transition-metal (TM) oxide phosphate glasses
have received considerable attention because of their
semiconducting properties and potential applications
[1–4]. The electrical conduction in the glasses occurs
by electron hopping from an ion of the low valence state
transition metal to an ion of the higher valence state.
However, mathematical formulation of this process is
difficult due to numerous material factors including the
type and concentration of the TM ion, the number of
valence states in which it can exist, the glass preparation
conditions, and the possible existence of microscopic
structures within the glass matrix.

The molybdenum phosphate (MoO3 : P2O5) glass
system represents a rather unique system in that it forms
stable glasses over a wide and continuous composition
range extending to about 86 mol % MoO3 [5]. More-
over, since unmodified Mo-phosphate glasses are semi-
conducting [6] and can be chemically intercalated with
Li2O and Ag2O [7], these glasses have technological
potential in electrochemical applications. In electro-
chemical devices such as solid state batteries, these
glasses could be used as both electrolyte and cathode
materials. Since the cathode and electrolyte are formed
from the same glass former, a common glassy network
should result which would provide a continuum for the
diffusion of the cations. This continuum should in prin-
ciple eliminate the problem of interfacial chemical re-
actions and may minimize any over-potentials [8].

While small polaron theory has been extensively used
to describe the electrical properties of a wide range of
TM-oxide glasses [9–11], the best agreement between
experiment and theory has been found for vanadate
glasses such as V2O5-P2O5. It appears probable that
the electrical properties of all the 3d transition-metal
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oxide phosphate glasses will not succumb to a single
theory.

The experimental determination of activation ener-
gies from the electrical conductivity,σ , as a function
of temperature,T , is sometimes different; the Arrhe-
nius plot (ln(σ ) versusT−1) may not be linear. This
may be due to process involving several similar ac-
tivation energies, conduction by polarons [12–14] or
variable range hopping of carriers [12, 15]. In this pa-
per we discuss the electrical conductivity results for
Mo-phosphate glasses by applying the two models sug-
gested by Meunieret al. [16].

2. Experimental procedures
2.1. Glass preparation
The Mo-phosphate glasses were prepared by melt-
ing dry mixtures of reagent grade MoO3 and P2O5
in alumina crucibles with the batch composition
[(MoO3)z(P2O5)1−z] wherez= 0.55, 0.60, 0.65, 0.70,
and 0.75. Since the oxidation and reduction reactions
in a glass melt are known to depend on the size of the
melt, the sample geometry, whether the melt is static
or stirred, thermal history and quenching rate, all glass
samples were prepared under similar conditions to min-
imize these factors. Approximately 40 g of chemicals
were thoroughly mixed to obtain homogenized batches.
The crucible containing the batch mixture was placed
in the furnace, heated at 300◦C for an hour in order to
minimize volatilization, and subsequently transferred
to a melting furnace maintained at a temperature of
1200◦C. The melt was left for about 4 h under atmo-
spheric conditions in the furnace during which the melt
was occasionally stirred with alumina rod. The homog-
enized melt was then cast onto a stainless steel plate
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TABLE I Batch and actual composition of various
(MoO3)z(P2O5)1−z glasses

Sample Batch Actual (from ICP) Actual (from ICP)
(z) (z) (z) (1− z)

G55 0.55 0.65 0.35
G60 0.60 0.70 0.30
G65 0.65 0.68 0.32
G70 0.70 0.65 0.35
G75 0.75 0.74 0.26

mold to form glass buttons. The batch and actual com-
positions of the various Mo-phosphate glasses studied
are listed in Table I with the actual compositions de-
termined by inductively coupled plasma spectroscopy
(ICP). Even though a uniform spread in batch Mo com-
positions was attempted, the resulting glasses formed
essentially at four Mo values: 0.65, 0.68, 0.70, and
0.74. It is expected that the actual compositions of these
glasses might vary from the batch compositions due to
the loss of oxygen as Mo6+ ions are reduced to Mo5+
and to different vaporization rates of MoO3 and P2O5
during the melting process. Generally the reduction of
Mo6+ has been found to be small in previous investiga-
tions [5, 17], thus the variation in the vaporization rates
is the more probable source for the deviation from the
batch compositions.

2.2. dc conductivity measurements
For dc conductivity measurements disc-shaped sam-
ples were made. The samples were polished and then
the evaporation of gold electrodes on polished surfaces
was carried out in vacuum. Measurement of dc conduc-
tivity as a function of temperature, in all the samples,
was made by two probe technique. The current in the
samples was measured using a Keithley 485 auto rang-
ing pico ammeter. To obtain the variation of resistivity
with temperature, the sample was placed in a furnace,
brought to the desired temperature and maintained at
that temperature for sufficient time before taking the
measurements to ensure thermal stability. The temper-
ature was measured by a Pt/Pt-10% Rh thermocouple.

3. Results and discussion
A general expression for dc electrical conductivity,σ ,
in semiconductors and in insulators is

σ (T) = A(T) exp[−βW(T)], (1)

whereT is the temperature,β−1= kBT , kB is the Boltz-
mann constant, andA(T) andW(T) are assumed to be
slowly varying functions of the temperature. The usual
analysis of the conduction curve by Arrhenius plot cal-
culates the slope, orW′(T)/kB where

W′(T) = −∂ ln(σ )

∂β
= kBT2∂ ln(σ )

∂T
(2)

W′(T) = W(T)− ∂ ln[ A(T)]

∂β
+ β ∂W(T)

∂β
(3)

TABLE I I A and average activation energy for various
(MoO3)z(P2O5)1−z glasses

Sample (z) A(1/Ä ·m) W(eV)

G55 0.22 0.52
G60 0.26 0.50
G65 0.53 0.54
G70 0.32 0.48
G75 1.04 0.50

Figure 1 A plot of ln(σ ) versus 1000/T for various (MoO3)z(P2O5)1−z

glasses.

If there is reason to believe thatAandW are tempera-
ture independent, then the slope should be constant,
yielding directly the activation energy,W. So normally
one could find the activation energy by plotting ln(σ )
versus 1/T (Kelvin). From a straight line fit, the slope
would give the activation energyW, assumingW inde-
pendent of temperature. One can findA and the aver-
age activation energy for the given temperature range
by fitting the data to a straight line. Results are shown
in Table II. Fig. 1 shows the results of conductivity,
σ , as a function of temperature,T , as plots of ln(σ )
versus 1000/T for all the five samples which suggest
that the plots are not strictly linear. Thus we follow the
approaches suggested by Meunieret al. [16]. Because
of the possible temperature dependence inW, Meunier
et al. [16] suggests plots ofW versus different variables
depending upon the two models suggested.

i) For thevariable range hopping model, an Arrhe-
nius analysis Equation 3 yields the function

W′(T) = BkB

(
p+ 1

p+ 4

)
T3/(p+4) (4)

The constantsB and p may be independently
determined by finding the intercept and the slope,
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TABLE I I I The values ofp, B, W′(≈300 K) and1E(≈300 K),θD, WD, WH and 2p/(p+4)kBT of various (MoO3)z(P2O5)1−z glasses

W′(≈300 K) 1E(≈300 K) 2p/(p+4)kBT
Sample p B (eV) (eV) θD (K ) WD (eV) WH (eV) (eV)

G55 −0.73 323 0.42 0.49 833 −0.65 1.15 0.022
G60 −1.20 −141 0.44 0.58 985 −0.55 1.14 0.021
G65 −1.06 −789 0.44 0.56 838 −0.60 1.14 0.020
G70 −1.23 −103 0.35 0.47 934 −0.65 1.15 0.019
G75 −1.05 −780 0.38 0.48 879 −0.72 1.19 0.020

respectively, on a lnW′ versus lnT plot, where the
slope= 3/(p + 4) and they-intercept= ln[BkB(p +
1)/(p + 4)]. The functionW′(T) also gives the hop-
ping energy through the relation [18]

1E = 2−p/(p+4)W′ (5)

This energy varies continuously fromW′ to W′/2 as
p increases from 0 to a large value. Finally, as a check
on the validity of this model, according to Mott [12, 15]
the energyW′ must satisfy

W′(T) < 2p/(p+4)kBT (6)

Fig. 2 shows a plot of lnW′ versus lnT for a repre-
sentative sample, G55. The values ofp, B, W′(≈300 K)
and1E(≈300 K) obtained for all the samples are given
in Table III. We see (Table III) that Condition 6 is not
satisfied and so the variable range hopping model can-
not be applied here.

ii) Conduction by small polarons: Schnakenberg
[19] has analyzed the non-adiabatic hopping energyW
of small polarons at temperatures aboveθD/4, whereθD
is the Debye temperature of the optical phonons of the
solid, and he deduced the following high temperature
relation:

W(T) = WH

(
tanh(θD/4T)

(θD/4T)

)
+ WD

2
(7)

Figure 2 A plot of ln W′ versus lnT for sample: G55.

whereWD andWH are two constants (disorder energy
and high temperature small polaron hopping energy,
respectively). Moreover, the conductivityσ (T) is given
by Equation 1, with the above expression forW(T)
and a prefactor,A, which is constant or depends only
very weakly on temperature. Fitting the constants of the
model using an Arrhenius plot analysis, this involves
the energy

W′(T) = WH sech2(θD/4T)+ WD

2
(8)

The parametersWH, WD, andθD are determined in a
two step process. First we assumeWD= 0 and expand-
ing sech2(x) function into power series 1− x2+ · · ·,
Equation 8 becomes

W′(T) = WH
{
1− (θD/4T)2+ · · · } (9)

A plot of W′ versusT−2 should yield a straight line
at the higher temperatures, from which the intercept is
WH and the slope=WH(θD/4T)2. The data is then re-
plotted asW′ versus sech2(θD/4T) usingθD value deter-
mined in the preceding plot. A straight line should yield
the intercept=WD/2 and slope=WH. Fig. 3 show

Figure 3 Plots ofW′ versusT−2 andW′ versus sech2(θD/4T) for sam-
ple: G55.
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plots of W′ versusT−2 andW′ versus sech2(θD/4T).
The values ofθD, WD, andWH determined are listed in
Table III.

We see [Table III] that use of the small polaron model
to calculateW′(T) yields physically plausible values
for WH andWD within experimental error. The values
of the Debye temperatureθD are a factor of up to 3 too
large compared toθD obtained from ultrasonic inves-
tigation [17]. However, the values obtained here can
not be compared with those given in [17]. The Debye
temperature reported here in this work is that of the op-
tical phonons, however the Debye temperature deter-
mined by Patel and Bridges [17] is that of the acoustic
phonons, the one determined from heat capacity and
ultrasonic measurements. That is to say, that the Debye
temperature in the small polaron model is associated
with the frequency of the optical phonons, while the
Debye temperature determined from the ultrasonic data
of Patel and Bridge [17] for the Mo-phosphate glasses is
associated with the acoustic phonons and no correlation
between the frequency of these two types of phonons
has been reported in the literature.
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