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Abstract- Different concentrations of Cr20s doped ZnF2-PbO-TeO: glasses were prepared by melt quench method. The characterization
of these glasses was done by means of x-ray diffractometry, differential scanning calorimetric and IR spectroscopic techniques. The
studies on some of these techniques confirmed glassy nature and exposed the variation of the glass forming ability parameter, Kq, and
the shifting of various symmetrical bending vibrational frequencies with increase in concentration of Cr20s. Various absorption bands
with varying peak intensities were observed from optical absorption studies of these glasses for different concentrations of Cr20s. From
the dielectric studies of these glasses, various dielectric parameters viz., dielectric constant (&), loss (tan &), and ac conductivity (o) were
determined as a function of frequency (102 Hz to 10° Hz) and temperature (30°C to 200°C). In addition, dielectric breakdown strength at
room temperature was determined to estimate the insulating characteristics of these glasses. Pseudo Cole-Cole plot method was used to
describe the dielectric relaxation effects in these glasses. Quantum mechanical tunnelling model was used to describe the temperature

independent part of the conductivity of these glasses.

Index Terms- lead-tellurite glasses, Hruby’s parameter, optical absorption, dielectric parameters, dielectric relaxation.

I. INTRODUCTION

The study of dielectric properties, such as dielectric
constant &, loss tan sand ac conductivity oz over a wide
range of frequency and temperature and the dielectric
breakdown strength of the glasses helps in assessing their
insulating character; these studies may also help in
understanding the structure of the glass to some extent.
Work along these lines was carried out in recent years on a
variety of inorganic glasses by a number of researchers
yielding valuable information [1-5]. Tellurite glasses are
best known due to their superior physical properties such
as high density, high refractive index, low melting and
softening temperatures and high infrared transmission. In
view of these qualities, these glasses were considered as
the best materials for optical components such as IR
domes, optical filters, modulators, memories and laser
windows. Further, these glasses were also judged as very
good materials for hosting lasing ions like chromium /
rare-earth ions, since these glasses provide a low phonon
energy environment to minimize non-radiative losses. A
number of recent investigations on optical and mechanical
properties of these glasses mixed with different modifiers
are available in literature [6-15]. Among various tellurite
glass systems, the alkali free ZnF,-TeO, glasses are
observed to be relatively moisture resistant and possess a
low rate of crystallization. The present study is intended to
report the dielectric properties of this glass system mixed
with PbO as modifying oxide. Addition of this modifier
into the glass matrix produce low rates of crystallization,
since PbO has the ability to form stable glasses due to its
dual role; one as glass former, if Pb-O is covalent and the
other as modifier, if Pb-O is ionic [16]. Most of the studies
available on tellurite glasses are on optical [17-20] (such
as Raman spectra, infrared spectra, optical absorption,
luminescence etc.) and elastic properties [21, 23]. Though
some studies on electrical properties [24-26] (mostly on dc
conductivity especially of some binary tellurite systems)
exist in the literature, much devoted studies particularly on
dielectric properties such as dielectric relaxation, ac
conductivity and breakdown strength of tellurite glass

systems of this type are not available. Such studies of
dielectric parameters over a wide range of frequency and
temperature of the glasses help in assessing their insulating
character and in understanding the structure of the glass up
to some extent [1-5]. Chromium ion has a strong influence
over the electrical properties of the glasses, for the simple
reason that it exists in different oxidation states viz., Cr¥*
(acts as modifier with CrQOg structural units) and Cr®* (acts

as network former with CrOj‘ structural units). The
content of chromium in different states with different
structural units in the glass depends on the quantitative
properties of modifiers and glass formers, size of the ions
in the glass structure, their field strengths, mobility of the
modifier cation etc. Extensive investigations on the optical
absorption, luminescence and ESR spectroscopy of Cr3*
ion in a variety of inorganic glasses were prepared in the
recent years in view of their importance in the
development of tunable solid-state lasers and new
luminescence materials [27, 28].

It is the aim of this investigation to have a comprehensive
understanding over the influence of chromium ions on the
insulating character of ZnF,-PbO-TeO, glasses from a
systematic study on dielectric constant &, loss tan &, ac
conductivity s in the frequency range 10%-10° Hz and in
the temperature range 30-200°C and in addition the
dielectric breakdown strength in air medium. Further,
using the results of these studies an attempt has been made
to throw some light on the structural modifications (with
the aid of data on optical absorption and infrared spectral
studies) that take place in the glass network due to varying
concentrations of Cr,0s.

Il. EXPERIMENTAL PROCEDURES

A. Preparation techniques of glasses

For the present investigation, the composition 40ZnF,—
10PbO-(50-x)TeO-: Cr,Os; is taken with x = 0.05, 0.1, 0.2,

0.3 and 0.4, all in wt.% and the glasses are, respectively,
labelled as PT (0.05), PT (0.1), PT (0.2), PT (0.3) and PT
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(0.4). Melt-quench method was used to cast the glass
materials from appropriate amounts of respective analar
grade reagents. The glassy nature of the quenched
materials was checked by using X-ray diffraction
technique.

B. Property measurements

The density d of the glasses was determined to an accuracy
0f 0.001 by the standard principle of Archimedes’ using o-
xylene (99.99% pure) as the buoyant liquid. The glass
transition temperatures Ty, crystallization temperature T,
and melting temperature T, of these glasses were
determined (to an accuracy of +1°C) by differential
scanning calorimetry traces, recorded using Universal
V23C TA Differential Scanning Calorimeter with a
programmed heating rate of 15° C per minute in the
temperature range 30-700°C. The optical absorption
spectra of the glasses were recorded at room temperature
in the wavelength range 350-800 nm using Shimadzu UV-
VIS-NIR (model 3100) spectrophotometer. Infrared
transmission spectra for these glasses were recorded using
a Perkin Elmer Spectrometer in the wave number range
400-4000 cm™ by KBr pellet method. A thin coating of
silver paint was applied (to the larger area faces) on either
side of the glasses to serve as electrodes for dielectric
measurements. The dielectric measurements were made on
LCR Meter (Hewlett-Packard Model-4263B) in the
frequency range 10%-10° Hz and in the temperature range
30-200°C. The dielectric breakdown strength for all the
glasses was determined at room temperature in air medium
using a high ac voltage breakdown tester (ITL Model
AAH-55, Hyderabad) operated with an input voltage of
220-250 V at a frequency of 50 Hz; it was ensured that all
the glasses used for this study were of almost identical
thicknesses.

I11. RESULTS

Fig. 1 shows the differential scanning colorimetric traces
of ZnF,—PbO-TeO, with different concentrations of Cr,Os.
The glasses exhibit an endothermic change between 315°C
and 335°C, which can be attributed to the glass transition
temperature Ty At still higher temperature T. an
exothermic peak due to the crystal growth followed by
another endothermic effect at a temperature Tr, due to the
re-melting of the glass are also observed. From the
measured values of Ty, Tc and Tm, the parameter, Kg = (Te-
T)/(Tm-Tc), known as Hruby’s parameter, that gives the
information on the stability of the glass against
divetrification, is evaluated and its variation with the
concentration of Cr,0; is presented as an inset in Fig. 1.
The Ky parameter shows an increasing trend beyond 0.3%
of Cr,0s. Table 1 shows the data on analysis of differential
thermal calorimetric studies on ZnF,—PbO-TeO;:Cr,0;
glasses.
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Fig. 1. DSC patierns of Cr,0; doped ZnF, PbO-TeO, glasses. Inset shaws the variation of K, parameter with
difierent conceniraiion of Cr,C; doped ZnF,-Ph0-TeO, glasses
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Fig. 2 shows the optical absorption spectra containing
different concentrations of Cr,Os, recorded at room
temperature in the wavelength region 350-800 nm.

Optical density (arb. units)
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The spectra show two prominent absorption bands with the
peaks at 451 nm (peak 1) and 654 nm (peak 2); with the
increase in the concentration of Cr,03, the peak positions
remain unchanged but the intensity associated with these
peaks increased up to 0.3 wt. % and beyond that it is
decreased. Further, an additional kink (whose intensity is
found to increase with the increase in the concentration of
Cr;0; at the expense of other two prominent peaks) has
also been observed.

The optical absorption spectrum has been analyzed using
Tanabe Sugano diagrams and the absorption peaks are
assigned to “A,—*T; (F) (peak 1) and “A,—*T, (peak 2)
transitions of Cr3* ions. The value of crystal field splitting
energy Dq evaluated using the energies of these transitions
is found to 1512 cm™. Similarly the value of inter
electronic repulsion parameter B (Racah parameter) is
found to be 717 cm. Our calculations also predict a third
band due to the “A,—*T(P) transition in the absorption
spectra of this glass; this band could not be observed as its
wavelength lies well below the cut-off value. In addition,
two weak bands due to the spin forbidden transitions
4A,—?T1 and “A,—?E have also been located in the
spectra of these glasses [29]. These observations indicate
the presence of chromium ion mainly in Cr3*(d®) state with
octahedral environment up to 0.3 wt.% concentration of
Cr,03. The additional kink observed at about 370 nm in the
spectra of the glasses containing higher concentrations of

CrO?-

Cr,03 (> 0.3) is attributed to 4 (Tyq) ions [30].
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Infrared transmission spectra of ZnF,-PbO-TeO, glasses
containing Cr,Oz along with the IR spectrum of the
crystalline TeO, (C-TeOy) is presented in Fig. 3.
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Fig. 3. IR spectra of ZnF,-PbO-TeQ, :Cr,0, glasses along with that of crystalline
TeD, (C-Te0,)
The spectrum of crystalline TeO, has exhibited two
fundamental bands at 772 cm? (11 (A1) —equatorial band)
and at 650 cm? (15 (A,) — axial band, band 2) of TeO, [31].
However, in the spectrum of ZnF,-PbO-TeO; glass, the
equatorial band is observed to be missing and only the

band due to UTSeozax vibrations with C,, symmetry is
observed. In addition, a band presumably due to PbOnFnm
[32] complexes is detected (in the range 1085-1100 cm™,
band 3) in the spectrum. Further, the IR spectrum has
exhibited absorption band (band 1) at 458 cm™* due to PbO,4
structural vibrations [33]. When the glass is doped with
Cr,0s, the intensity of the axial band is found to decrease
with the shifting of meta-centre towards slightly higher
wave number up to 0.3% concentrations of Cr,QOs, beyond
these concentrations the intensity and the peak position of
this band seems to exhibit a reverse tendency.

Fig. 4 represents the variation of dielectric constant (&)
with the concentration of Cr,O; for ZnF,-PbO-TeO;
glasses at 1 kHz frequency, while the inset of the same
figure presents the variation of dielectric constant (&) at
0.3 wt. % of Cr,0; of the glass at different frequencies.

8o -
— kHz
=10 kHz

—a— 100 kHz
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Fig. 4 Variation of dielectric constant with tempenature for Gro0y doped
ZnF PbD-Te0, glasses gt 1 kHz Inset shows the vanation of dislectric
constant with lemperstune for 0.3 wi. % of Cr,0, doped ZnF,PbD-TeQ,
glass at different frequencies.

The maximum value of & is observed 0.3 wt. % of Cr,Osat
all frequencies and beyond these concentrations the value
of dielectric constant is found to decrease. The variation of
dielectric loss, tan o, with temperature at different
frequencies is found to exhibit distinct maxima; with
increasing frequency, the temperature maximum shifts
towards higher temperatures and with increasing
temperature the frequency maximum shifts towards higher
frequencies, indicating dipolar relaxation character of
dielectric loss in these glasses. The effect of the different
concentrations of Cr,O3 on the relaxation strength of these
glasses can be clearly understood from Fig.5 in which tan
dis plotted against temperature at different concentrations
of Cr,0s; containing ZnF»-PbO-TeO, glasses at 10 kHz
frequency. The inset of the same figure presents the
temperature dependence of tan & containing a particular
concentration (0.3 wt.%) of Cr,Os at different frequencies.
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Fig. 5 Variabion of ic loss with G0, doped
ZnFPbD-TeQ, glasses at 10 kHz. Inset shows the variation of dieleciric
loss with temperature for 0.3 wt. % of Crz05 doped
ZnFPbO-Te, glass st different frequencies.
The region of relaxation is observed to shift towards
higher temperatures (with narrowing relaxation peaks)
with increase in the concentration of Cr,O; beyond 0.3,
and below this concentration, the relaxation peaks are
found to be relatively broader (Table 2).
Table 2
Temperature region of relaxation and spreading factor of ZnF>-

PbO-TeO; glasses
Conceniration Temperature region Spreading factor, £
of COs of relaxation (°C)
0.05 91-121 0.41
01 80-111 044
02 88-118 0.49
03 80-111 0.51
04 86-115 0.45

The relaxation effects of these glasses were analyzed by
pseudo Cole-Cole plot method (instead of conventional
Cole-Cole plot method between & (@) and &' (w) at a fixed
temperature) suggested by Sixou [35] in which &' (@, 7) vs.
& (w,7) are plotted at a fixed frequency. The nature of

variation of £ (7) and tan & with temperature for these
glasses indicates that, the Cole-Davidson equation

3@%? % 1)
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can be safely applied. Separating real and imaginary terms
of equation (1) and rewriting with explicit temperature
dependence of terms:

= —— — =g 'Z = — )
and

HePe—> =G (3
Where,

¥z === = = Z_- (4)

In equation (4), Ao is a constant and Wy is the activation
energy for the dipoles. The plot between &'(T) and
¢"(T) given by equations (2) and (3) at a fixed frequency
is often called a pseudo Cole-Cole plot which cuts & axis

at & (high temperature dielectric constant) and €. (low
temperature dielectric constant). The plot cuts ¢ axis (as
per Sixou [35]) at low temperature side at angle
of (7/2)B, where B is spreading factor for relaxation
times. The spreading factor A is estimated from the
pseudo Cole-Cole plot of 0.3 wt.% of Cr,03; doped ZnF,-

PbO-TeO, glass is 0.51; the value of B is found to
increase slightly up to 0.3 concentrations of Cr,Os and
beyond these concentrations a reverse trend is observed
(Table 2).

Further, the value of (tan ) max. ayy has exhibited the
highest value at 0.3% concentration

Using the equation:

f=f W' )

The effective activation energy Wg, for the dipoles is
calculated for the glasses; the value of activation energy is
found to be minimum for 0.3% of concentration.

The ac conductivity o is calculated at different
temperatures using the equation:

o= tar (6)

(where €, is the vacuum dielectric constant) for different
frequencies and the plot of log o against 1/T is shown in
Fig. 6 at 100 kHz. From these plots, the activation energy
for conduction in the high temperature region over which a
near linear dependence of logo with 1/T could be
observed, is calculated and presented in Table 3. The
activation energy is found to be minimum at 0.3% of
concentration.
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Fig. 6. A comparison piot of ac conductivity with 1/T for Gr, 05 containing ZnF>-MO-TeO; glasses at 100 kiz

Table 3
Data on density of energy states, ion energy for and
Of ZnF; PbO-TeO; plasses

Concentration Activation energy S

ic break down strength

Dielectric breakdown for conduction
of CnOs strength (KV/cn) (eV)

0.05 117 0.24 091
0.1 116 023 086
0z 112 022 084
03 109 021 082
04 11.4 0.22 0.85

Density of energy states N(Er) in 107! (eV-Vem®)

(Austin and Mott) (Butcher and Hyden) (Pollak)
0.05 196 082 199
0.1 2 084 203
0z 21 087 213
03 214 089 217
04 2.05 0.86 208

IV. DISCUSSION

Earlier neutron scattering experiments [36, 37] and Raman
spectral studies [38, 39] on TeO, glasses containing
different modifiers have revealed that the basic building
block of TeO, glass structure is a trigonal bipyramid
commonly called TeO4E, where one of the three equatorial
directions is occupied by the 5s2 electronic pair (E) of the
tellurium atom with two equatorial bonds of lengths 1.91 A
and two axial bonds of lengths 2.08 A [40-42]. The
environment of these Te atoms is completed by two other
longer interactions of lengths 2.9 A and the three
dimensional close packing is constituted from vertices
sharing TeO. groups (Teeg-Oax-Te) reinforced by weaker
Te-O interactions of lengths 2.9 A [40, 43]; this structure
leads to long chains of tetrahedrons where the long chain
molecules are entwined and the introduction the chromium
ions causes cross linking of the glass structure. If we
consider a network modifier, PbO, to be incorporated
between the long chain molecules in the vicinity of
chromium ion, then the symmetry and or covalency of the
glass at the chromium ions should be different for different
modifiers. In general PbO act as modifier; oxygen ions
break the Te-O-Te bonds while Pb?* ions occupy
interstitial positions. However, PbO participate in the glass
network with PbO, structural unit when lead ion is linked
to four oxygens in covalency bond configuration. The
presence of PbO4 unit in the present glass network can be
established from the observation of vibrational bands in IR
spectra of these glasses; further, there may also be a
possibility for the formation of PbO-Te linkages.
Chromium seems to exist in both Cr®* and Cré* states in
ZnF,-PbO-TeO; glass network; Cr3* ion enters the network
as modifier whereas Cr®* ion enters as network former
with CrO4% structural units [44, 45]. As a modifier
chromium ion may enter the glass network by breaking up
local symmetry and introduces coordinated defects known
as dangling bonds in these glasses. During this process
there can be different ways of formation of dangling bonds
in the present glasses: (i) the stable Te-O and (ii) unstable
Te-O bonds which will later be modified to Te--O (or
simply TeOs.+1) owing to the contraction of one Te-O and
the elongation of another Te-O bond. Further, the
elongation of Te-O bond of TeOs.1 and its cleavage finally
lead to the formation of trigonal prismatic TeOs; units.
Thus, the structure of the present glass network consists of
bonding defects like TeOg.1, TeOs units, free Pb?* ions,
free F ions and non-bridging oxygens. The concentrations
of such bonding defects in the glass network depend upon
the concentration of Cr3* and Cré* ions.

The decrease in the intensity of “A,—*T1(F) and *A,—*T;
bands and a simultaneous increase in the intensity of the
kink at about 370 nm in the optical absorption spectra of
glasses from (0.3) to (0.4) indicates a gradual conversion
of Cr%* ions (from octahedral environment) to Cré*

(tetrahedral environment) with CrOj‘ structural units that
take part in the network forming positions.  The
nephelauxetic ratio has also been evaluated using the
formula = B (complex) /B (free ion) for the glass and its
value is found to be 0.735. The glasses containing ZnO as
modifier are more covalent in nature where as PbO
modifier glasses are more ionic [16]. The observed
decrease in the intensity of symmetrical axial band and the
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shifting of its meta-centre towards slightly higher wave
number in the IR spectra of the glass containing Cr,Os up
t0 0.3 % indicates an increasing concentration of Cr3* ions
that act as modifiers which disturb the local symmetry in
these glasses. The increase in the intensity of this band
beyond these concentrations of Cr,Os obviously suggests
an increasing presence of Cré* ions that take part network

forming positions with CrO;~ structural units.

It is well known that electronic, ionic, dipolar and space
charge polarizations contribute to the dielectric constant.
Among these, the space charge polarization depends on the
perfection of the glasses. In the present measurements of &
and tan & of these glasses, we notice, a large increase of
these parameters with temperature beyond the relaxation
region; such behaviour can only be attributed to space
charge polarization due to the bonding defects of the type
mentioned earlier in this glass [46, 47]. The defects thus
produced create easy pathways for the migration of
charges that would build up space charge polarization
leading to the increase in the dielectric parameters as
observed [48]. Among the three constituents viz. ZnF,,
PbO, and TeO; of this glass, the bonds of tellurium with
oxygen are known to be polar in nature [49] and hence, it
is reasonable to attribute the observed dipolar effects in
this glass to the TeO, molecules [47, 50]. The spreading of
relaxation time in this glass may be understood as due to
the experience of an approximately random potential
energy by the dipoles on diffusing through the distorted
structure of the glass [51].

The conduction phenomenon in this glass in the high
temperature region can be explained based on mixed
conduction mechanism [52]. The conductivity variation
with the concentration of Cr,Os3 at higher temperature (Fig.
10) show an increasing trend (zone 1) up to 0.3 wt.% of
Cr,0; and beyond these concentrations conductivity is
found to decrease (zone Il). The conduction in the zone |
(where oy increases with Cr.0s) is identified due to
mobility of ions whereas the zone Il is identified as
electronic conductive zone [51].

An attempt has been made to explain the temperature
independent part of the conductivity (low temperature
side) in the present ZnF,-PbO-TeO,:Cr,03 glass system
based on the Quantum mechanical tunnelling (QMT)
model. In general, the ac conductivity of the amorphous
material where charge carriers experience an
approximately random potential energy on diffusing is
found to obey the equation [53]:

o(w) = Acf )

With s < 1 (up to the frequency of 1 MHz) which is
considered to signify the coupling of ion’s movement with
its environment. The values of s obtained from the plot of
log o (w) vs. log w at a temperature of 320 K are presented
in Table 3.

According to QMT model, only those pairs of carriers
separated by hopping distance R;, given by:

Ri = (12 In( ‘2: ), (8)

contribute significantly to the conduction. With this, the
equation for ac conductivity due to quantum mechanical
tunnelling is given by [53]:

@éﬁéE}’? ©
e

Where N(Eg) is the density of the energy states near the
Fermi level, «is the electronic wave function decay
constant, 1 is the phonon frequency and 7 is a constant
and its value is given by /3 (Austin & Mott [53]),
3.6672/6 (Butcher & Hyden [54]), #4/96 (Pollak [55]).
Among various mechanisms of conduction in the
amorphous materials (such as band conduction, conduction
in extended states, conduction in localized states near the
band edge and conduction in localized states near the
Fermi level), the conduction in the localized states near the
Fermi level occurs when ac conductivity is nearly
temperature independent and varies linearly with
frequency. The conduction in present glass in the low
temperature region (up to 320 K) can safely be attributed
to take place by the mechanism. The value of N(Eg), i.e.,
the density of energy states near Fermi level, for a
frequency of 10° Hz and at 320 K taking o equal to 0.40
A (obtained by plotting log oxc against Ri) and wpn ~ 5 X
10'? Hz, is computed using equation (9). With the value of
numerical constant 7 suggested by different investigators
and presented in Table 3. The value of N(Eg) is found to
decrease from glass (0.3) to  (0.4) concentration.
Furthermore, the range of N(Eg) values obtained ~ 10?* eV-
t/em®; such values of N(Er) suggest the localized states
near the Fermi level [53].

When the dielectric is placed in an electric field, the heat
of dielectric loss is liberated. If the applied field is an
alternating field, then the specific dielectric loss i.e., the
loss per unit volume of the dielectric is given by [56],

0 = B2 & tano Wim? (10)

This equation indicates that smaller the values of &tans of
the glass at a given frequency, the lower are the losses. In a
dielectric across which the voltage is applied, heat is
liberated, the temperature of the dielectric then rises and
the loss increases still more. The dielectric breakdown
strength is in fact inversely proportional to the specific
dielectric loss represented by equation (10).

CONCLUSIONS

The summary of conclusions drawn from the study of
dielectric properties of ZnF,-PbO-TeO,: Cr,O3 glasses
together with optical absorption and IR spectral studies are
as follows:

The optical absorption and IR spectral studies indicate the
presence of chromium ions predominantly in Cr3* state
which take modifier positions if Cr,Oj is present in lower
concentrations up to 0.3 wt % .When the concentration of
Cr,03 is in higher quantities, these ions exist in Cré* state
that take network forming positions.

The dielectric parameters viz., &, tan Sand o, are found to
increase while the dielectric breakdown strength and the
activation energy for ac conduction are found to decrease
with the increase in Cr,O3 concentration up to 0.3 wt. %
indicating an increase in the concentration of Cr3*ions that
act as modifiers. Moreover, when Cr;Os is present in
higher concentrations, we observe that the values of the
dielectric parameters to decrease with increase in Cr,Os;
such changes have understood due to increase in the
concentration of Cr8 ions that take part in network
forming positions. The temperature independent part of the
conductivity could successfully be explained based on the
Quantum mechanical tunnelling model.
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The dielectric loss variation with the temperature has
exhibited dielectricrelaxation effects; these effects are
described by pseudo Cole-Cole plot method.

Finally the studies on dielectric properties along with
optical absorption and IR of ZnF,-

PbO-TeO,:Cr,0; glasses indicate that when the
concentration of Cr20Os in the glass network is < 0.3 wt %
, chromium ions exist in Cr3* state, take modifier positions
and weaken the glass network; when Cr,O3 concentration
is> 0.3 wt %, a part of chromium ions exist in Cr®* state,
take the network forming positions and strengthen the
structure of the glass.
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