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Abstract In the present study a series of ternary (30 Li2O,
(70-x) P2O5, xWO3) glasses were prepared and their dielec-
tric properties and ac conductivity were investigated. The
measurements have been taken in the frequency range from
100 Hz to 100 kHz and over the temperature range from
296 K to 578 K. The temperature dependence of ac conduc-
tivity can be adequately explained by considering the con-
tributions from mixed ionic and electronic mechanisms. In
the studied glasses it is found that the ac conductivity
increases with increasing frequency. By investigating the
relation between temperature and the frequency exponent
“s” of the power law σac0Aω

s, it is found that the Corre-
lated Barrier Hopping model (CBH) is appropriate for de-
scribing the conduction mechanism in the samples. In an
attempt to investigate the universality of ac conductivity in
these glasses, it is found that the data obtained follow Roll-
ing scaling model. When considering the dielectric proper-
ties, it is found that the M″vs. M′ plots give master Cole-
Cole curves at all temperatures. These results can be con-
sidered as an indication of the presence of space charge or
accumulation of charges in some regions inside the samples.
The relation between M″/ Mmax″ and f/fp represent a master
plot at different temperatures. These scaling suggest the
existence of a distribution of potential wells, in which the
carriers are trapped.

Keywords Lithium tungsten phosphate glasses . Dielectric
properties . ac conductivity and scaling models

1 Introduction

Oxide glasses have many advantages, e.g. composition di-
versity, good chemical durability and easy mass production
at low cost [1]. Among the various oxide glasses, phosphate
glasses have several advantages over silicate and borate
glasses, e.g. low glass transition temperature (Tg), optimiz-
ing coefficient of thermal expansion and high UV transmis-
sion. Owing to these features, many studies have been
conducted on the various properties and structure of phos-
phate glasses [2–4]. Oxide glasses containing transition
metal ions (TMI) are of great interest, because of their
technological applications. In particular, the transition metal
ions (such as tungsten, vanadium, molybdenum, iron, and
copper) can have the role of either glass formers and /or
glass modifiers in multi-component glasses [5], which pro-
vide a wide range of properties and new applications by
selecting and tailoring chemical composition . Tungsten
oxide containing glasses have unusual electro-chromic and
photosensitive properties, which are attributed to the ability
of tungsten atoms to exist in glass in various oxidation states
(W+6, W+5 or W+4). The tungsten oxide units participate in
the glass network [6] creating considerable improvement of
the chemical durability and thermal stability against devit-
rification [7].

It is well known that the conductivity of the alkali
metal containing glasses, which do not contain transition
metal oxides, is due to mobility of the alkali cations [8].
When glass contains transition metal oxides, instead of
alkali cations, the conductivity is known to be electron-
ic. The mechanism which is responsible for the elec-
tronic conduction is a thermally activated hopping of
electrons from low to high valence states [9]. When a
glass contains alkali cations and transition metal ions, a
mixed electronic and ionic conduction is expected. The
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conductivity of such glasses as a function of alkali content
frequently exhibits a minimum similar to the mixed alkali ions
effect [ 10]. Recently, the mixed ionic-electronic conductors
glasses have an attracted interest due to their potential appli-
cations in electrochemical cells and electro-optical devices
[11].

The structure and the electrical properties of alkali phos-
phate glasses that contain WO3 or MoO3 have been fre-
quently studied. Studer et al. [12] reported that in K2O–
WO3–P2O5 glasses the ratio W+6 /W+5 decreases as K2O is
introduced. Bazan et al [13] noticed that the addition of
Li2O to (xLi2O–55WO3–(45-x)P2O5) glasses produces the
sharpest drop in the electrical conductivity, when the WO3

content is held constant. On the other hand, addition of Li2O
to (xLi2O–(60-x) WO3–40P2O5 ) leads to more gentle dim-
inution in conductivity up to 20 mol% Li2O, where the WO3

content reaches its lowest values. They argued that the
mobile electrons (or polarons formed by the capture of
electron by a W+6 atom) are attracted to oppositely charged
Li+ ions, which form neutral cation-polaron pairs. This
effect designated as the “ion-polaron-effect” or IPE. Boudl-
ish et al [10] reported an increase in W+5 concentration with
the addition of Li2WO4 to Li2O–Li2WO4–P2O5 glasses,
where the WO3 content is kept constant. They related such
increase to the loss of oxygen during glass preparation and
its subsequent stabilization in glass. They also noticed that
the larger the Li2WO4 content, the larger will be the elec-
tronic conductivity of the glass. . Bih et al [14] reported
that in 0.25Li2 O–0.75[x(MoO3)2 –(1-x)(P2 O5)] glasses,
Mo+5 /Motot and Mo+5 /Mo+6 ratios evaluated from the
analysis of EPR spectra have shown the existence of
maxima for x≈0.27. They deduced that such glasses are
mainly electronic conductors. The electrical conductivity
increases with increasing x for 0.27≤x≤0.45, whereas
and reaches constant value for x≈0.45. The ionic elec-
trical conductivity decreases rapidly when x increases
for the lower x values (≥0.27). The electronic conductivity
may be assumed to be due to electronic hopping from
the lower valence state, Mo+5 (donor level), to the higher
valence state, Mo+6 (acceptor level), where the interac-
tion between the electrons and lattice is sufficiently
strong to produce a small polaron [15]. To the best of
our knowledge, there are no reports on the effect of substitu-
tion of P2O5 by WO3 on the electrical properties of Li2O–
P2O5- WO3 glasses. In addition, it was highly interesting to
study the dynamics of relaxationmechanism of alkali tungsten
phosphate glasses.

The objective of the present work is to study the effect of
replacement of P2O5 by WO3 on the dielectric properties of
lithium phosphate glasses. The frequency, temperature and
WO3 concentration dependence of the ac conductivity have
been analyzed, in an attempt to investigate the conduction
and relaxation mechanism in these glasses. We have

discussed the possibility of scaling the frequency dependent
values of conductivity at different temperatures into one
single “master” curve. The electrical modulus formalism
has been extensively discussed for studying electrical relax-
ation behavior.

2 Experimental

2.1 Glass preparation

Reagent grade (NH4)H2PO4, WO3 and Li2CO3 were used as
starting materials for preparing the phosphate glass compo-
sitions. For each composition, a total of 30 g of raw materi-
als were weighed and mixed in a mortar. Each mixture was
melted in an alumina crucible at 1200°C for 0.5 h in air, and
was poured into a cold graphite mold. The samples were
then annealed at 573°C for 3 h to remove any stresses that
are generated in glass during cooling. The X-ray diffraction
technique was used to confirm the glassy nature of the
prepared composition.

2.2 ac and dc conductivity measurements

The samples were prepared in the form of discs of 10 mm
diameter, and polished by usual techniques to a thickness of
2 mm. Each sample was coated with colloidal silver paste on
both sides. The samples were annealed at 100°C for 2 h to
ensure the good adherence between the electrode and the
sample surfaces. The constructed cell for the electrical
measurements consists of a silica tube surrounded by nickel
chrome wire as a heater. A (chromel-alumel) thermocouple
(inside the tube) was used for temperature measurements.
The ac conductivity was measured by applying a complex
impedance technique. A constant ac voltage (Vr.m.s01 V)
was applied to the sample . The current passes through the
sample was determined by measuring the potential differ-
ence across an ohmic resistor connected in series to the
sample by using a lock- in amplifier (Stanford Research
System SR510). The lock-in amplifier simultaneously meas-
ures the voltage across the resistor and the phase difference
ϕ between this voltage and the applied voltage on the
sample. Since the voltage drop on the ohmic resistance is
in phase with the current I, therefore it can be assumed that
ϕ is the phase angle between the voltages drops on the
sample and the current I passing through it. The ac conduc-
tivity σac, the dielectric constant ε\, the imaginary part of
permittivity ε\cr, the real and imaginary parts of the electric
modulus M* and the dielectric loss tan d ¼ 1

tan f , were cal-

culated using a computer program. To overcome the effect
of humidity the electrical conductivity was measured under
vacuum. The measurements were made at temperatures
from room temperature 296 K up to 578 K. Furthermore
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the dc conductivity was measured by applying a constant
voltage (10 V) and measuring the current, then application
of Ohm’s Law. The current was measured using Keithley
Electrometer type 617

3 Results and discussion

3.1 ac and dc conductivities

Figure 1(a) represents the temperature dependence of the dc
conductivity in the temperature range of (296–578 K) for
the glassy system (30 Li2O, (70-x) P2O5 , xWO3) where x0
0,5,10,15, 20 and 25 mol%. The temperature dependence of

the dc conductivities can be represented by a set of
straight lines. The linear relationship between the loga-
rithm of dc conductivity and inverse of temperature for
all the samples indicates that the following Arrhenius relation
is satisfied:

σdc ¼ B exp �ΔEdc=kTð Þ ð1Þ

where B is a constant for a given glass, k is Boltzmann’s
constant andΔEdc is the activation energy for the dc conduc-
tion. The values of ΔEdc and σdc at room temperature are
included in Table 1. It is clear that the dc conductivity
decreases andΔEdc increase with increasing WO3 concentra-
tion up to 10 mol% WO3, where the dc conductivity has the
lowest values of conductivity. Beyond 10 mol% WO3, an
increase in the dc conductivity and a decrease in ΔEdc were
observed. The conductivity of alkali metal containing glasses
is ionic [8]. However in tungsten phosphate glasses the elec-
tronic conduction was attributed to hopping of electrons from
theW+5 toW+6 ions [16]. Thus It can be assumed that with the
addition of WO3 up to 10 mol% a mixed ionic-electronic
conduction mechanisms operation are simultaneously
obtained, where formation of ion-polaron pair tend to decrease
the conductivity and increase in theΔEdc values in agreement
with observed by [13]. The increase in dc electrical conduc-
tivity and decrease in ΔEdc with increasing WO3 content
beyond 10 mol% , could be attributed to that the electronic
conduction becomes the predominant one ,where as the in-
crease in W+5 concentration with increasing WO3 content,
increases the electronic conduction [10]. It has also been
reported that in some glasses containing both alkali metal
cations and transition metal ions, electrical transport is mainly
electronic since alkali metal cations have small mobility.[13,
14, 16].

The relation between the ac conductivity and the WO3

concentration are represented in Fig. 1(b). Such relation
shows a similar behavior which was observed in the dc
electrical conductivity. The frequency dependence of the
ac conductivity at different temperatures for two of the
studied glasses is presented in Fig. 2(a and b). At room
temperature, the ac conductivity shows linear frequency
dependence. However at higher temperatures, the ac con-
ductivity exhibits less frequency dependent conductivity
plateau at lower frequencies, whereas at higher frequencies
a dispersion region is observed ( increase of ac at higher
temperatures with increasing frequencies). Similar behavior
has been also observed for all the other compositions. This
plateau is attributed to the long-range translational motion of
ions contributing to dc conductivity dc [16]. At lower fre-
quency the ac conductivity is approximately equal to the
measured σdc conductivity. Figure 2(a and b) reveals that the
switch over of the frequency independent region to frequency
dependent region at higher frequencies, shifts to higher
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Fig. 1 (a) The relation between the Log σdc and 1/T measured as a
function of WO3 content (x0WO3 mol%). (b) The relation between the
WO3 content (mol%) and both the dc and the ac electrical conductivities
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frequencies with increasing temperature. This behavior
implies the onset of conductivity relaxation. The observed
dependence of dispersion on the conductivity is due to the

fact that the inhomogenities in the glasses may be of a micro-
scopic nature with the distribution of relaxation processes
through distribution of energy barriers [17]. The frequency

Table 1 (σdc) the dc electrical
conductivity, (ΔEdc ) the
actvation energy of the dc con-
ductivity ,(s) the power law
exponent, (β) value (equation 8)
and (N) the concentration of
localized states of (30 Li2O,
(70-x) P2O5, xWO3) glasses

Sample WO3mol% σdc (Ω
−1 cm−1) ΔEdc (eV) s β Wm (eV) N

1 0 6.76×10−10 0.785 0.94 0.06 0.988 7.4×1013

2 5 2.88×10−11 0.807 0.855 0.145 1.062 8.07×1013

3 10 1.474×10−13 0.853 0.8752 0.1248 1.239 4.615×1013

4 15 1.81×10−9 0.818 0.83 0.17 0.905 8.9×1013

5 20 6.32×10−9 0.695 0.822 0.178 0.865 1.5×1014

6 25 7.244×10−8 0.445 0.76 0.24 0.641 4.5×1014
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Fig. 2 (a) The relation between
the Log σac and Log frequency
at different temperatures for
sample 2. (b) The relation
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Log frequency at different
temperatures for sample 6
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dependence region at higher frequency satisfies the universal
power law empirical relation [18]:

σ wð Þ ¼ σðoÞ þ Aws ð2Þ
where σ(o) is the dc conductivity,

σac ¼ Aws; ð3Þ

A is a constant and s is the power law exponent. The
values of the exponent s displayed as a function of temper-
ature in Fig. 3. The s values are almost less than unity and
decrease with temperature. The numerical values of s at
room temperature are in the range 0.64<s<0.94. Hill and
Jonscher [19] observed such behavior for the ac conductiv-
ity in a wide range of materials, including a number in
which conduction by hopping is expected. They reported
that the exponent s typically covered the range 0.5–1 at
room temperature. They also noticed that in most cases the
values of s show a tendency to increase to unity as the
temperature decreases. Elliot [20] proposed the correlated
barrier-hopping model (CBH) and applied it to glassy semi-
conductors. According to this model, barrier hopping of
bipolarons (i.e. two electrons hopping between charged
defects D+ and D−) has been proposed to interpret the
frequency dependence of conductivity in glass. Thus elec-
trons in the charged defect state hop over the columbic
barrier whose height is given as W according to Eq. (4):

W ¼ Wm � 4ne2

"R
ð4Þ

Where Wm is the maximum height of the energy band, ε is
an effective dielectric constant; e is electronic charge, n the
number of electrons that hop (n02) [21] and R is the distance
between the hopping sites. The relaxation time t for the

electrons to hop over a barrier of height W is given by
Eq. (5):

t ¼ to exp �W=kTð Þ ð5Þ

where τo is the order of an atomic vibration period . τo value is
assumed to be (≈10−13 s ) for oxide glass system [21] and k is
Boltzmann constant. The final expression for the ac conduc-
tivity can be expressed by Eq. (6):

σac ¼ p2N2

24
"=

8e2

"0WM

� �
s

tbo

� �
ð6Þ

where N is the concentration of localized states and β is given
by Eq. (7):

b ¼ 6kT

Wm
ð7Þ

and s ¼ 1� b ð8Þ

Using eqs. (6)–(8) the density of state N can be calculated.
The N, and s and W values for the studied glasses, at room
temperature and at frequency equal to 1 KHz are listed in
Table 1 . In the CBH model the exponent s is predicted to be
frequency and temperature dependent, with s values increas-
ing towards unity as temperature decreased. The data obtained
from Table 1 and Fig. 3 clearly represented that the CBH
model seems to be appropriate theory for the AC conductivity
in the studied glasses.

3.2 Scaling model of ac conductivity

Many trials of scaling data had been done to investigate the
universality of ac conductivity properties in disordered sol-
ids . Although some methods of scaling were complicated
[22, 23] ,others were simple [24–26]. Scaling is defined as a
method of treating data, this method allows one to subsume
a mass of frequency response data by means of a master
curve whose shape is independent of any independent var-
iable, such as temperature or mobile ion concentration [30].
In other words, scaling is a process of making a set of
curves, representing the frequency dependence of some
functions at different temperatures or concentrations and
then to collapse such curves into one single master curve
representing the phenomenon in a general sense. The dc
conductivity is a parameter that is frequently used in scaling
methods. Therefore we have performed a scaling process of
the ac conductivity as a function of frequency in Fig. 4(a, b),
which show the conductivity master curves of the samples 3
and 6, where we used Log (σac /σdc) as the y-axis scaling
parameter and Log (f / Tσdc) as the x-axis scaling parameter.
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This scaling is known as Roling scaling [26], who found
that the product Tσdc obeys an Arrhenius relation, and he
also obtained conductivity master curves for some ionic
conducting glasses by using this scaling parameter. From
the Fig. 4(a, b) it is obviously seen that the conductivity
increases with increasing the frequency. The collapse of ac
conductivity values at different temperatures in a single master
curve reveals our success in constructing the master curves for
the samples, which indicate that the relaxation in conductivity
may be considered as a temperature independent process. In
other words, we can say that the quite satisfying overlap of the
data at different temperatures on a single master curve illus-
trates well that the dynamic processes occurring at different
frequencies need almost the same thermal activation energy.
Another indication of those scaled master curves is that all
“Arrhenius” temperature dependence of conductivity is em-
bedded in the dc conductivity term [27].

3.2.1 The dielectric constant ε\ and the dielectric loss tan δ

The values of ε\ show considerable temperature dependence,
exhibiting larger values at lower frequencies as noticed from
Fig. 5(a). Prasad et, al [28] studied the dielectric properties of
PbO borate glass containing MoO3 . They reported that the
considerable increase of dielectric constant values with tem-
perature can be attributed to the space charge polarization
associated with bonding defects [29]. Figure 5(a) illustrates
that, the dielectric constant has higher values at lower frequen-
cies and at higher temperatures which are normal in oxide
glasses. Thus at lower frequencies, the charge carriers hop
easily out of the sites with low free energy barriers in the
electric field direction and tend to accumulate at sites with
high free energy barriers. This leads to a net polarization of the
ionic medium and gives higher dielectric constant values.
However at high frequencies, the charge carriers will no
longer be able to rotate sufficiently rapid, so their oscillation
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will begin to lay behind this field resulting in lower dielectric
constant values [30]. Figure 5(b) represents an increase in the
dielectric constant (ε\) values with the increase of WO3 con-
tent of the glass. This behavior explained as WO3 content
increase, a gradual conversion ofW+5 toW+ 6 ions in the glass
network takes place[16] . W+ 6 ions act as modifiers, weaken
the glass network and ,thus create pathways suitable for mi-
gration of free ions that build up space charge. Thus, the
weaker the network the much more is the space charge polar-
ization which leads to an increase in the dielectric constants
values [10, 28]. This conclusion is further supported by the
results that with increasing WO3 content in alkali phosphate
glasses, the degree of deformation of glass network will
increase bonding defects, which in turn increase the space
charge polarization causing an increase in the values of di-
electric parameters [7, 31].

The frequency dependence of tan δ of glass containing
20 mol% WO3 at different temperatures is shown in Fig. 6.
The curves exhibit distinct maxima (ωmax). Such maximum
shifts towards higher frequency with increasing temperature. It
is known that maxima in the loss tangent versus frequency
curves occur when the conductance is proportional to the
square of the applied frequency . This explains the shift towards
higher values with increasing temperature (i.e. energy is sup-
plied to charge carriers) [32]. The relaxation time tan can be
obtained from the equation:

Tan d wmax ¼ 1 ð9Þ

The relation between τ and temperature obeys the follow-
ing equation:

tan d ¼ to exp �ΔEtan d=k Tð Þ ð10Þ

where τo is constant , k is Boltzmann constant and ΔEtan δ is
the activation energy of relaxation. The values of activation
energy of relaxation are approximately equal to the activation
energy of dc conductivityΔEdc , as presented in table [2] . It is
noticed that sample 1did not show ωmax , which may be
explained on the basis that the sample is having a maximum
at lower frequency than the measured range.

3.3 The electrical modulus formalism

The electrical modulus formalism has been extensively used for
studying electrical relaxation behavior in ion conducting mate-
rials [33]. The advantage of this representation is that the
electrode polarization effects are minimized in this formalism.
In the modulus formalism, an electric modulus M* is defined in
terms of the reciprocal of the complex relative permittivity ε*.

M� ¼ 1="� ¼ M0 þ jM00 ð11Þ
where M′ and M″ are the real and imaginary parts of the
complex modulus M*

Saafan et al. [34] investigated the Cole-Cole diagrams of
both M″ vs. M′ at different temperatures; they found that
these diagrams are suitable way for representation of the
experimental data. They concluded that the Cole-Cole dia-
grams, the one giving a master semicircular curve for all
temperatures and it will also be an indication to the property
that is dominating in the studied glass. The use of M*(ω)
has the meaning of the following relationship[35]:

E ¼ M � D ð12Þ

Which is the reverse of the more commonly used relationship

D ¼ " � E ð13Þ

where E is the electric field vector, D is the electric displace-
ment vector,M* is the complex function of the electric modulus
and ε* is the complex function of the permittivity. The physical
significance of these two representations is that in equation (13)
the electric field E is the independent variable, which deter-
mines the dielectric displacement, while the reverse is true of
equation (12) where D is the independent variable. Now, it
happens frequently that the great majority of practical situations
involve the electric field as the independent variable, and ac-
cordingly equation (13) is applicable. There are only relatively
few situations where the opposite is the case in [34]. One such
example is the motion of space charge ρv in a dielectric system
where the resulting D field is directly related through:

DivD ¼ ρv ð14Þ

It is then desired to calculate the resulting electric
field one would have to use equation (12) [35]. Some

2.0 2.5 3.0 3.5 4.0 4.5 5.0

0

20

40

60

80

100

120

d
ie

le
ct

ri
c 

lo
ss

  (
ta

n(
δ)

)

log f  (Hz)

 296K
 347K
 397K
 437K
 484K
 518K
 550K
 578K

Fig. 6 The relation between the dielectric loss (tanδ) and Log fre-
quency for sample 5

252 J Electroceram (2012) 28:246–255



researchers stated that one should be careful when using
M* representation in some cases of comparative analysis
of the ion transport properties of different solids , since it
may result in misleading interpretations of the ion dy-
namics [27, 36]. Figure 7(a, b) show that the glass under
investigation belong to the category of materials which
satisfy equation (12), i.e. we can say that there must be a
considerable space charge in these glasses. The presence
of such space charge has been mentioned before in
section 3.3, to interpret the dielectric constant measure-
ments concluded by Prasad [28], and is in agreement with his
findings.

The variation of normalized-imaginary parts M″/M″max

of complex electric modulus with frequency, at various
temperatures show a slightly asymmetric peak at each tem-
perature, as can be seen in Fig. 8. The frequency range
below the peak-frequency fp determines the range in which
charge carriers are mobile on long distances. At frequency
above M″max, the carriers are spatially confined to potential
wells, being mobile on short distances making only local-
ized motion within the wells. The maximum of modulus
spectra Mmax″ shifts towards the higher frequencies, with
increase of temperature Fig. 1. This behavior suggests that
the spectral intensity of the dielectric relaxation is activated
thermally in which hopping process of charge carriers are
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// and Log f (Hz) f0r sample 3

Table 2 (ΔErelax) the activation energy of relaxation, (τtanδ) the relax-
ation time of the dielectric loss and (τM″) the normalized relaxation
time of (30 Li2O, (70-x) P2O5, xWO3) glasses

Sample ΔErelax (eV) τM″ at 211°C τtanδ at 211°C

2 0.871 2.71×10−8 5.85×10−8

3 0.827 2.86×10−8 6.01×10−8

4 0.713 3.19×10−8 6.64×10−8

5 0.477 3.47×10−8 7.46×10−8
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// and Log (f /f (max)) for sample 3
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taking place [37]. Also, shifting of the peak frequencies in
the forward direction with temperature implies that the
relaxation time decreases with increasing of temperature.
The peak frequency, fp, corresponding to the maximum in
M″/M″max as a function of frequency, Fig. 8, is found to be
typically correlated with the average conductivity relaxation
time τM″. From the condition ωcτM″01, thus (τM″01/2πfp)
[38]. The τM″ and the τtanδ values of the various composi-
tions are given in Table 2

It is observed that the relaxation time corresponding to
dielectric loss τtanδ is smaller than that corresponding to the
normalized parameters (τM″). Gerhardt [39] concluded that
the bulk response in terms of localized condition, i.e., defect
relaxation or non-localized conduction, i.e., ionic/electronic
conductivity is determined by comparing the dielectric loss
and dielectric modulus. The non-localized process such as
dc conductivity is dominating at low frequencies. Thus, the
high dielectric loss is usually accompanied by rising ε′(ω) at
low frequencies. Such type of behavior is noticed in the
present study. In the present study, the observed values of
high dielectric constant at low frequency (Figs. 5a,b) could
explain the smaller values of ε′(ω) and smaller relaxation
times for the localized relaxation processes when compared
to the non-localized relaxation processes [40].

Figure 9 represent a master plot of the modulus iso-
therms, where the y-axis is scaled by M″max and x-axis is
scaled by the peak frequency fp. The curves show a high
degree of superimposing at different temperatures. This
behavior indicates that the dynamical processes are temper-
ature independent, which was observed. The scaling of the
frequency by fp parameter gives a distribution ofM″/M″max

values considering logarithmic representation at around log
f/fmax01. At frequency range above this value, some degree
of dispersion can be observed depending on the glass for-
mulation and temperature of measurement. Considering
previous assumptions, it is possible to hypothesize the ex-
istence of a distribution of potential wells, in which the
carriers are trapped [41–43].

4 Conclusion

For the prepared lithium tungsten phosphate glasses [30 Li,
(70-x) PO4 , xWO3] (x00,5,10,15,20and 25%),the activation
energy values decrease and the ac conductivity values increase
with increasingWO3 content of the glass up to10mol%WO3 .
This behavior has been considered as an indication to the
presence of a mixed electronic and ionic conduction mecha-
nisms. The increase in dc electrical conductivity and decrease
in ΔEdc with increasing WO3 content beyond 10 mol% ,
could be attributed to that the electronic conduction
becomes the predominant one. The variation of ac con-
ductivity with frequency follow the power law σac0Aω

s.

The decrease in the exponent s with decreasing temper-
atures suggested that the correlated barrier hopping model
(CBH) is appropriate for describing the conduction
mechanism.

By investigating the ac conductivity in these glasses, the
data obtained follow Rolling scaling. The master curves for
the ac conductivity indicate that the relaxation in conduc-
tivity may be considered as a temperature independent pro-
cess, where all the temperature dependence has been proved
to be embedded in the scaling parameters. The dielectric
constant values increase with increasing the WO3 content of
the glass, suggesting that the WO3 ions seem to occupy the
interstitial positions of the glass, contributing to the polari-
zation. The considerable increase of dielectric constant val-
ues with temperature can be attributed to the space charge
polarization. The relation between M″ vs. M′ gives a master
semicircular curve for all temperatures. This is another
indication to the presence of space charge i.e. accumulation
of charges in some regions inside the samples. This finding
reinforces the interpretation considered for the dielectric
constant. The variation of normalized-imaginary parts
M″/ Mmax″ with the frequency scaled by the peak frequency
fp represent a master plot at different temperatures. These
scaling are suggesting the existence of a distribution of poten-
tial wells in which the carriers are trapped.
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