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a b s t r a c t

Sodium sulfo-phosphate glasses mixed with three different modifier oxides (MgO, CaO and BaO) and
doped with 1.0 mol% of Fe2O3 were synthesized. The combined analysis of optical absorption and ESR
spectroscopy has indicated that the iron ions exist in both Fe3+ (in octahedral and/or tetrahedral) and
Fe2+ (in octahedral) local coordination sites. The results of Raman spectral studies have shown a higher
degree of disorder for BaO containing glass and electrical studies have revealed the highest electrical
conductivity for this glass. This is related to the higher depolymerization of the glass network by Ba2+ ions
owing to its larger ionic radius which in turns causes a decrease in electrostatic binding energy and strain
energy for an easy passage of sodium ions. The low conductivity observed for all glasses is a result of the
interaction between sodium and alkaline-earth ions which can be classified as the ‘‘mixed alkali–alkaline
earth’’ effect.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The study of dielectric properties such as dielectric permittivity
e0(x), loss tand and ac conductivity, rac, over a wide range of
frequencies and temperatures not only helps in accessing the insu-
lating character and understanding the conduction phenomenon of
the glass materials but also throws information on their structural
aspects. In this context, a large number of studies on a variety of
inorganic glass materials have been reported recently giving valu-
able structural information [1–6]. In particular, relationship among
composition, structure and electrical properties of alkali/alkaline
sulfo-phosphate glasses are of special interest due to their applica-
bility as electrolytes especially in high temperature solid-state
sodium–sulfur batteries [7]. Also, these glasses have been widely
used to integrate radioactive waste for long time safe storage [8].
Therefore, it is of the interest to investigate the behavior of sulfur
in the phosphate glass system.

Various phosphate glasses may have the capacity to dissolve
moderate level of sulfur species [8], which can interact weakly
with metaphosphate units. Such a weak interaction results in a
small dynamic concentration of dithiophosphate (DTP) units [9].

Data on iron phosphates suggest moderate sulfate solubility but
most of these glasses contained substantial level of alkali oxides
[8,10].

It is well known that the incorporation of alkaline-earth oxides,
such as MgO, CaO and BaO, into the glass matrix leads to a disrup-
tion of the glass network and promotes the formation of non-
bridging oxygens (NBO) groups [11]. The ionic field strengths I
(I = z/r2 where z is the charge number and r is the ionic radius)
for Mg2+, Ca2+ and Ba2+ ions are 4.73 Å�2, 2.04 Å�2 and 1.49 Å�2,
respectively, resulting in a more strongly bonded structure due
to the greatest field strength of the Mg2+ and Ca2+ as compared
to Ba2+ [12]. Therefore, when sodium sulfate-phosphate glasses
are mixed with these network modifying ions the structural
modifications are expected to occur influencing the electrical
properties.

Among various transition metal ions, iron ions have a strong
bearing on electrical and optical properties of glasses. A large num-
ber of interesting studies are available on the environment of iron
ions in various inorganic glass systems, such as phosphate, silicate,
borate, arsenate and germanate glasses [13–18]. In general, the
content of iron ions in different environments and in different
valence states in the glass depends on the quantitative properties
of modifiers and glass formers, size of the other ions in the glass
structure, their field strength, mobility of the modifier cation, etc.
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In phosphate glasses iron ions exist as Fe3+ in both tetrahedral and
octahedral coordination and as Fe2+ in octahedral environment
[19]. Due to the existence of iron ions in different valence states,
these glasses are identified as electron conductors with polaronic
conduction mechanism. Electronic conduction takes place by elec-
tron hopping from Fe2+ to Fe3+ ions and strongly depends on Fe2O3

content, redox ratio, Fe2+/Fetot, and average distance between iron
ions [20,21]. On the other hand, phosphate glasses containing both
iron and mobile alkali ions exhibit mixed ionic-polaronic conduc-
tivity [22].

In earlier studies, we have reported the influence of MgO, CaO
and BaO modifier oxides on emission characteristics and lumines-
cence efficiencies of different rare earth ions (Sm3+, Ho3+ and Er3+

ions) in Na2SO4AP2O5 glasses [23,24]. More recently [25], we have
investigated the influence of Fe2O3 addition on the electrical prop-
erties of the Na2SO4ABaOAP2O5 glasses. The obtained results indi-
cated that there is a mixed conduction, ionic and electronic,
present in these glasses. It was also found that their contributions
to the total electrical conductivity are affected by the amount of
the added Fe2O3.

The present investigation is aimed to provide a comprehensive
understanding over the influence of three network modifiers,
MO@MgO, CaO and BaO, on the electrical properties of the
Na2SO4AMOAP2O5 glasses doped with 1.0 mol% of Fe2O3 and to
identify the best modifier oxide that makes the glass to exhibit
more electrical conductivity. In addition these studies assist in
understanding the conduction phenomenon and also give deeper
information on the structural changes taking place in the glass net-
work due to the variation of the modifier oxide. Thus the purpose
of this study is to throw some light on the relationship between the
structural modifications in the glass network and electrical proper-
ties with the aid of the data from spectroscopic studies: optical
absorption, ESR and Raman spectroscopy.

2. Experimental

Within the glass forming region of the Na2SO4AMOAP2O5 system, the following
batch composition, in mol%, were chosen for the present study:

BF10 : 19:0Na2SO4—20:0BaO—60:0P2O5 : 1:0Fe2O3

CF10 : 19:0Na2SO4—20:0CaO—60:0P2O5 : 1:0Fe2O3

MF10 : 19:0Na2SO4—20:0MgO—60:0P2O5 : 1:0Fe2O3

Analytical-grade reagents of Na2SO4, MgCO3, CaCO3, BaCO3, (NH4)H2PO4 and
Fe2O3 powders in appropriate amounts were thoroughly mixed in an agate mortar
and melted using a thick-walled platinum crucible at about 1173 K in a PID temper-
ature-controlled furnace for about 1 h. The resultant bubble-free melt was then
poured in a brass mould and subsequently annealed at 573 K. The amorphous nat-
ure of the samples was monitored by X-ray diffraction and scanning electron
microscopy techniques. Afterwards, the samples were optically polished to the
average dimensions of 1.0 cm � 1.0 cm � 0.2 cm.

As per the procedure described in our earlier paper [25], The EDS analysis of the
glass samples indicated that the final concentrations of the elements viz., O, M, S,
Na, Fe and P elements in the final glass are well intact in all the glass samples.
The error estimated to be less than ±3%.

Differential scanning calorimetric (DSC) studies on the samples was carried out
using Mettler Toledo DSC1 STARe system. Heating rate was maintained at 10 K/min
within temperature range 300–1100 K. The density of the glasses was determined
to an accuracy of (±0.0001) by the standard principle of Archimedes’ using o-xylene
(99.99% pure) as the buoyant liquid. The mass of the samples was measured to an
accuracy of 0.1 mg using Ohaus digital balance Model AR2140 for evaluating the
density.

The Electron Spin Resonance (ESR) spectra of the fine powders of the samples
were recorded at room temperature on JEOL X-band (m = 9.5 GHz) ESR spectrometer.
The Raman spectra of the samples were recorded with an 10 ns Nd:YAG laser line
(1064 nm) with a resolution of 1.0 cm�1 using Nicolet 6700 Raman spectrometer
equipped with an FT Raman supplementary accessory working in a back-
scattering geometry system. The optical absorption spectra of the glasses were
recorded to a resolution of 0.1 nm at room temperature in the spectral wavelength
range covering 300–1050 nm using JASCO Model V-670 UV–vis-NIR
spectrophotometer.

For the electrical/dielectric measurements the gold electrodes were sputtered
onto both sides of the samples using Sputter Coater SC7620. Dielectric properties
were obtained by measuring complex impedance using an impedance analyzer
(Novocontrol Alpha-AN Dielectric Spectrometer) over a frequency range from
0.01 Hz to 1 MHz and in temperature range from 303 to 523 K. The temperature
was controlled to an accuracy of ±0.5 K. The impedance spectra were analyzed by
means of equivalent circuits modeling and parameters were obtained using a com-
plex non-linear least square (CNLLSQ) fitting procedure.

3. Results

3.1. Thermal, optical and structural analysis

It was ensured that the glasses prepared were free from visible
inhomogeneities such as inclusions, cracks or bubbles. Based upon
the XRD analysis it was confirmed that there is no crystalline
phases present in the glass samples prepared.

From the measured values of the density, D, and average molec-
ular weight, M, of the samples, various other physical parameters
such as iron ion concentration Ni, mean iron ion separation, Ri,
polaron radius, Rp, are calculated and presented in Table 1.

In Fig. 1 the DSC scans for the Na2SO4AP2O5 glasses containing
BaO, CaO and MgO doped with 1.0 mol% of Fe2O3 are presented.
The small endothermic peaks in the DSC curves correspond to
the glass transition temperature, Tg, and endothermic peaks la-
beled TC correspond to the crystallization of the glasses. The values
for Tg exhibit only a slight increase from 629 to 635 K for BF10 to
MF10, respectively. Similarly, the values for parameter proportional
to the resistance of the glass against crystallization, (TC � Tg), show
the highest values for MF10 glass, Table 1.

Fig. 2 presents the optical absorption spectra of the studied
glasses recorded at room temperature in the wavelength region
300–1050 nm. The absorption edge observed at 329 nm for the
glass sample MF10 exhibited spectrally red shift when MgO is
added to the base Na2SO4AP2O5 glass. From the observed absorp-
tion edges, the optical band gaps (Eo) have been evaluated by
drawing Tauc plots between ða�hxÞ1=2 and �hx as per the equation:

aðxÞ�hx ¼ cð�hx� EoÞ2 ð1Þ

From the extrapolation of the linear portion of the curves in in-
set of Fig. 2, the values of optical band gap (Eo) are determined and
presented in Table 2. The value of Eo is found to be the lowest for
BF10 glass. Additionally, the spectrum of MF10 glass exhibits three
distinct kinks in the edge of UV region at 361, 369 and 376 nm
and two well resolved bands at 399 and 419 nm. With the addition
of CaO or BaO, these bands are shifted to lower wavelength exhib-
iting spectrally blue shift with a decrease in intensity. The spectra
of all the three glasses show a significant band in the NIR region at
about 1000 nm. The summary of the data on optical absorption
spectra of these glasses is listed in Table 2.

X-band ESR spectra of present glasses recorded at room temper-
ature are shown in Fig. 3. The spectra display an intense spectral
line centered at about g � 2:012. The intensity of this signal is
observed to be the maximal in the spectrum for MF10 glass. Also,
the spectra exhibited a weak signal at about g � 4:470. The results
for ESR spectra are summarized in Table 3.

The Raman spectra of glasses exhibited several symmetrical and
asymmetrical vibrational bands due to PAO, PO2, PO3 and PO4

groups, Fig. 4. All glasses have similar Raman spectra and the
details of various band positions and their assignments [26,27]
are listed in Table 4. The structural units in phosphate network
are usually classified according to the Qn notation, where
n (n = 0–3) represents the number of bridging oxygen atoms per
PO4 tetrahedron.

The Raman band at about 1333 cm�1 is due to the stretching
mode of terminal oxygen, P@O, whereas band at 1271 cm�1 is asso-
ciated with (PO2) asymmetric stretching mode in Q2 confirming a
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Table 1
Physical parameters of Na2SO4AMOAP2O5:Fe2O3 glasses.

Glass D (g cm�3) Ni (1020 Fe ions/cm3) Ri (Å) Rp (Å) Tg (K) Tc � Tg (K)

BF10 2.849 2.63 15.62 6.29 629 269
CF10 2.525 2.53 15.80 6.37 631 270
MF10 2.511 2.41 16.07 6.48 635 271

Fig. 1. DSC traces of Na2SO4AMOAP2O5:Fe2O3 glasses.

Fig. 2. Optical absorption spectra of Na2SO4AMOAP2O5 glasses doped with Fe2O3. Inset represents Tauc plots of different modifier glasses.

Table 2
Principal data on optical absorption spectra Na2SO4AMOAP2O5:Fe2O3 glasses.

Glass Cut-off wavelength (nm) Band positions (nm) 6A1g (S) ? Optical band gap (eV)

4Eg (D) 4T2g (D) 4T1g (G) A1g (G)/4T1g (P)4 4Eg (G) 5T2g ?
5Eg

BF10 340 357 363 371 393 412 1005 3.63
CF10 337 360 366 374 396 415 1001 3.68
MF10 329 361 369 376 399 419 998 3.73
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significant degree of double-bond character in metaphosphate
structure. Intensive band at about 1170 and less intensive band at
1116 cm�1 are attributed to the PAO stretch, chain terminator, in
Q2 and Q1, respectively. These two bands imply a bond order inter-
mediate between those of Q2 and Q1 tetrahedra.

Both bands at about 1051 and 1003 cm�1 originate from the
symmetric modes. The 1051 cm�1 band is due to the motion of
the non-bridging oxygens (PO3) in Q1 tetrahedra whereas the
1003 cm�1, band is assigned to the symmetric stretching mode of
non-bridging oxygens in Q0 phosphate tetrahedra. The Raman
band at about 911 cm-1 is due to the asymmetric stretching mode
of non-bridging oxygens (PO4) in Q0 tetrahedra. The 692 and

756 cm�1 bands are assigned to the motion of bridging oxygen
(PAOAP) in Q2 and Q1 tetrahedra, respectively.

At low frequencies, the bands in the range 534–390 and
564 cm�1 can be assigned to overlapping cations motion vibrations
with the deformation modes in phosphate units. The bands at
around 564 and 534 cm�1 may be due to the bending mode related
to the chain motion and M-phosphate network or MAO bond,
respectively. The bands which occur at lower frequencies at 468
and 390 cm�1 are difficult to accurately assign owing to perturba-
tion by cation motion vibrations and strong dependence upon
chain conformation.

The intensity of all the asymmetrical bands is observed to be the
highest in the spectrum of BF10 glass, whereas, that of symmetrical
bands is found to be the highest in the spectrum of MF10 glass.

It should be noted that the O/P ratio for glasses investigated is
about 2.76 for MF10 glass and 2.84 for BF10 glass classifying their
network between ultraphosphate and metaphosphate structure.
However, Raman spectra exhibit bands that correspond to various
polyphosphate units present in the network of these glasses. In the
other word, the atomic O/P ratio predicts that only Q2 tetrahedra
will exist in these glass compositions. The excess of Q1 and Q0 sites

Fig. 3. ESR spectra of Fe2O3 doped Na2SO4AMOAP2O5 glasses recorded at room temperature.

Table 3
ESR spectra of Na2SO4AMOAP2O5:Fe2O3 glasses.

Glass g-Factors

Signal-1 Signal-2

BF10 2.016 4.470
CF10 2.013 4.465
MF10 2.008 4.459

Table 4
Summary of the Raman positions for Na2SO4AMOAP2O5:Fe2O3 glasses (assignment of band positions in cm�1).

Band No. Assignment BF10 CF10 MF10

1 Bending mode of phosphate polyhedra with MO modifier 390 393 396
2 PO4 bending mode in Q0 468 474 477
3 Bending mode related to the M-phosphate network or MAO bond 534 532 530
4 Bending mode related to the chain motion and chain conformation of phosphate groups 564 560 559
5 (POP)sym stretch in Q2 692 686 689
6 (POP)sym stretch in Q1 756 751 749
7 (PO4)asym stretch in Q0 911 913 916
8 (PO4)sym stretch in Q0 (NBO) 1003 1009 1006
9 (PO3)sym stretch in Q1 (NBO) 1051 1049 1046
10 (PO2)sym stretch in Q1, chain terminator 1112 1110 1108
11 (PO2)sym stretch in Q2, chain terminator 1170 1163 1161
12 (PO2)asym stretch in Q2 1271 1271 1275
13 (P@O)sym stretch 1333 1330 1328
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observed for these glasses apparently results from the dispropor-
tion of Q2 species in the melt [28].

3.2. Dielectric and electrical properties

The variation of dielectric permittivity, e0(x), for the CF10 glass
as a function of frequency at different temperatures is presented
in Fig. 5. At higher frequencies, e0(x) approaches a constant value,
e01(x), which results from rapid polarization processes occurring in
the glasses under applied field [29] and with decreasing frequency,
e0ðxÞ increases and reaches a low-frequency plateau, e0sðxÞ, usually
associated with the polarization effects of the mobile ions and
structural defects with respect to the immobile glass matrix. A
strong increase in e0ðxÞ at lowest frequencies is caused by interfa-
cial phenomenon called the electrode polarization. The observed
electrode polarization results from the presence of metallic elec-
trodes, which do not permit transfer of mobile ions into the exter-
nal circuit. Consequently, ions are accumulated near the electrode
causing large polarization of the glass.

Fig. 4. Raman spectra of Na2SO4AMOAP2O5:Fe2O3 glasses.

Fig. 5. The variation of dielectric permittivity, e0(x) , for the CF10 glass as a function
of frequency at different temperatures.

Table 5
Data on dielectric loss and relaxations of Na2SO4AMOAP2O5:Fe2O3 glasses.

Glass (tand)max.avg. A.E. for dipoles Wd (eV) Relaxation time, sM00 (ls)a Relaxation time, sZ00 (ms)a 4pNl2

9kB

BF10 149 0.997 11 21 29.5
CF10 41 1.012 26 53 21.3
MF10 45 1.119 14 26 25.6

a At 523 K.
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The variations of dielectric loss, tand, with frequency at differ-
ent temperatures for MF10 glass is presented in Fig. 6. The maxi-
mum in the tand shifts towards higher frequency with increasing
temperature indicating a thermally activated dielectric relaxation
[29–32]. Nature of the variation of the dielectric parameters with
frequency and temperature is found to be similar for all glasses
in this study. In general, the dielectric losses at high frequency
are much lower than those occurring at low frequencies at specific
temperature. This kind of dependence of tand is typically associ-
ated with losses by conduction. Using relation f = f0 exp(�Wd/
kBT), where f0 is the constant, kB is the Boltzmann constant, T is
the absolute temperature and f is the relaxation frequency, the
effective activation energy for dipoles, Wd, is calculated for all
glasses by drawing the plots of log f vs. 1/T. The activation energy,
Wd, is found to be the lowest for the BF10 glass, Table 5.

In the ionically conducting glasses, the real part of ac conductiv-
ity is well described by the power law in the form:

rðxÞ ¼ rdc þ Axs ð2Þ

where A is the temperature dependent constant and s is the power
law exponent 0 < s < 1 which represents the ion transport charac-
terized by the forward-backward hopping process.

In Fig. 7(a) the ac conductivity, rac, as a function of inverse tem-
perature at different frequencies for CF10 glass is presented. The in-
set to Fig. 7(a) exhibits the variation of rac conductivity with 1/T
measured at 1.02 kHz for all glasses studied. The activation energy,
Wac, for each glass was determined from the slope of log rac vs. 1/T
curves in the high temperature region over which a linear depen-
dence is observed. The comparison shows the highest value of for
the BF10 glass measured at 393 K whereas the value of activation
energy, Wac, slightly decreases for glasses containing MgO and
CaO, as can be seen in Table 6.

The behavior of the s factor is usually related to the ion motion
in disordered materials and interpreted by Jonscher [31] as univer-
sal dynamic response (UDR). Fig. 7(b) shows the s factor values
determined for each glass composition at various temperature. At
low temperature s factors exhibits high values while with increasing temperature s decreases and tends to level off in the

neighborhood of about 0.60.
An alternative formalism that may be used for analyzing electri-

cal relaxation behavior in glasses is the electrical modulus [33].
Although there is a debate [34] about the suitability of this formal-
ism, its advantage is that the electrode polarization effects are min-
imized [35]. In the modulus representation, an electrical modulus
M* is defined as the reciprocal of the complex dielectric constant e*:

M�ðxÞ ¼ 1=e�ðxÞ ¼ e0ðxÞ=ððe0ðxÞÞ2þ ðe00ðxÞÞ2Þ þ ie00ðxÞ=ððe0ðxÞÞ2

þ ðe00ðxÞ2Þ ¼ M0ðxÞ þ iM00ðxÞ ð3Þ

Fig. 6. The variation of dielectric loss, tand, with frequency at different temper-
atures for MF10 glass.

Fig. 7. The variation of ac conductivity with 1/T for the glass CF10 at different
frequencies. Inset represents the comparision plot of the variation of rac vs 1/T for
the three glasses at a frequency of 1.02 kHz (a); temperature variation of exponent s
for Na2SO4AMOAP2O5:Fe2O3 glasses (b).

Table 6
Summary of data on ac conductivity for Na2SO4AMOAP2O5:Fe2O3 glasses.

Glass rac
a (X cm)�1 Wac

b (eV) Exponentsc

BF10 4.57 � 10�10 0.85 0.70
CF10 2.80 � 10�10 0.78 0.74
MF10 3.81 � 10�10 0.83 0.73

a At 1.02 kHz and 393 K.
b At 1.02 kHz.
c At 393 K.

Table 7
Summary of the data related to dc conductivity of Na2SO4AMOAP2O5:Fe2O3 glasses.

Glass rdc
a (X cm)�1 log (r0/(X cm)�1 K) Wdc (eV)

BF10 4.86 � 10�11 5.86 1.06
CF10 1.40 � 10�11 5.82 1.10
MF10 2.98 � 10�11 6.03 1.09

a At 393 K.
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The real and imaginary parts of electrical modulus, M0(x) and
M00(x), as a function of frequency for the MF10 glass are presented
in Fig. 8(a) and (b), respectively. These figures clearly exhibit the
relaxation feature for dielectric properties of the studied glasses.
It should be noted that the M0(x) increases with increasing fre-
quency and at sufficiently high frequency reaches a plateau which
corresponds to the limiting value of M0(x). The maximum in the
M00(x) peak is shifted to higher frequency with increasing temper-
ature. The frequency region below peak maximum M00(x) deter-
mines the range in which charge carriers are mobile on the long
distances. At frequency above peak maximum M00(x), the carriers
are spatially confined to the potential wells, being mobile on short
distances making only localized motion within the wells. From the
characteristic frequency, which is equal to the relaxation frequency
at which the maximum M00(x), occurs, given by xmax ¼ 1=sM00 ¼
rdc=eoe01(x), the conductivity relaxation time, sM00 , can be extracted
as shown in Fig. 8. The relaxation times, sM00 , for all glasses deter-
mined at 523 K indicates the lowest value for BF10 glass, Table 5.

The conduction relaxation mechanism for all glasses under
study is also investigated by the imaginary part of the complex
impedance, Z00(x). The maximum of the Z00(x) spectrum is associ-
ated with the contribution of the bulk properties of glasses and
usually is at lower frequency with respect to M00(x) maxima. The
imaginary part of modulus M00(x) is compared with Z00(x) in
Fig. 9. Characteristic relaxation times determined from the
maximum of Z00(x) are listed in Table 5.

Fig. 10 shows the comparison of the impedance spectra for
MF10, CF10 and BF10 glasses evaluated at 523 K. The spectra for all
glasses exhibited depressed semicircles followed by inclined spur
at higher temperatures typical for electrode polarization. The
equivalent circuit that represents such semicircle is a parallel com-
bination of resistor (R) and constant-phase element (CPE) repre-
senting bulk properties, in series with constant-phase element
(CPEdl) representing double layer of ions blocked at the electrode
surface.

The values of dc resistance, R, obtained from the modeling and
the sample dimensions (d is the sample thickness and A is the elec-
trode area) were used to calculate dc conductivity, rdc = d/(R � A).
The activation energy for dc conductivity, Wdc, for each glass was
determined from the slope of log (rdc � T) vs. 1/T using equation
rdcT = roexp(�Wdc/kBT), where ro is the pre-exponent, kB is the
Boltzmann constant and T is the temperature (K). The evaluated
dc conductivity variation for all investigated glasses is shown in
Fig. 11(a) while the values for the activation energies, Wdc, are
included in Table 7. Fig. 11(b) shows the compositional depen-
dence of dc conductivity, rdc, at 393 K and activation energy,
Wdc. The dc conductivity, rdc, for glasses containing CaO exhibits
the values slightly lower than that for MF10 and BF10 glasses.
Similarly the activation energy, Wdc, changes slightly from
1.06 eV for BF10 to 1.10 eV for CF10.

4. Discussion

Iron ions may exist in both Fe2+ and Fe3+ states in the glasses
under study. According to our experimental conditions, the reduc-
ing agent in the glass melt was provided by H2 owing to the forma-
tion of NH3 from (NH4)H2PO4 salt and its further decomposition
into H2 and N2 which allow some amount of Fe3+ ions in the melted
mixtures to reduce to Fe2+ ions. Further, phosphate matrix has also
a higher reducing effect on the transition metal [36] because of its
ability to accept O2� ion.

The Fe3+ ions are expected to occupy both tetrahedral and
octahedral substitutional positions in these glass networks.

Fig. 8. The frequency dependence of (a) M0(x) and (b) M00(x) at different
temperatures for BF10 glass.

Fig. 9. The frequency dependence of M00(x) and Z00(x) at 393 K for Na2SO4AMOAP2-

O5:Fe2O3 glasses.

Fig. 10. Impedance spectra for Na2SO4AMOAP2O5:Fe2O3 glasses at 523 K and the
corresponding equivalent circuit used for fitting of the data. Circles denote
experimental values, solid line corresponds to the best fit.
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Considering that the minimum ratio for the ionic radii of a cation in
tetrahedral coordination is 0.19 and in hexagonal coordination is
0.414, it is expected, from the following ratio of cation-oxygen ra-
dius of 0.63 (Fe2+) that the Fe2+ ion is in hexagonal coordination
since the tetrahedral site is more difficult for its occupancy [37].
Therefore, the Fe2+ ions are more likely to be found in octahedral
or interstitial positions and act as modifiers similar to Na+ [37]. It
should be noted that as interstitial are denoted those Fe2+ and
Fe3+ ions which are attracted by negatively charged glass forming
structural units for local charge compensation.

The major constituent of Na2SO4AMOAP2O5:Fe2O3 glass system
is the P2O5 which participates in the glass network forming the
clustered region with various phosphate structures. The PO4 tetra-
hedra are linked together with covalent bonding in chains or rings.
The chains or rings of phosphate units are subjected to modifica-
tions to various extents depending upon the nature of the modifier
ions and MO/P2O5 ratio. Hence truncated chains, as found in the
Raman spectra, Fig. 5, in which a fraction of the phosphate tetrahe-
dra possess three unshared oxygen corners produce the structure.
These tetrahedra can be written as [POO2/2O]� with two bridging
oxygens and [POO1/2O2]2� with one bridging oxygen. The two
bridging and one bridging oxygen phosphate groups in the pres-
ence of the modifier oxide, respectively, can be written as

2 ½POO3=2�0 þMO! 2 ½POO2=2O�� þM2þ

2 ½POO2=2O�� þMO! 2 ½POO1=2O2�2� þM2þ

As previously reported [38], with the combination of Na2SO4

and P2O5 a formation of the glass with moderate level of sulfur spe-
cies is possible if the phosphate network contains [POO2/2O]� and
[POO1/2O2]2� structural units. Further, the results from Raman
spectra make it clear that the various phosphate units (Q2, Q1

and Q0) exist in these glasses. While the glass modifiers ions Na+

and M2+ (Ba2+, Ca2+, Mg2+) are shared between various glass former

units the modification of the phosphate network is also character-
ized by disproportion reaction that occurs during reorganization of
glass melt [28].

The concentration of various glass former species in the glass
network, however, depends upon the nature of the modifier
(M2+) ions. In other words, the atomic arrangement at short and
intermediate range in the glass network can be considered as a
decisive factor for the electrical characteristics of the glass. Follow-
ing the order of the ionic size or radius of the three modifier ions
(r2þ

Mg ¼ 0:66 Å < r2þ
Ca ¼ 0:99 Å < r2þ

Ba ¼ 1:34 Å), one can understand
that the replacement of MgO successively by CaO or BaO, causes
an increase in the disorder degree of the glass network. Further,
since the ionic radius of Fe2+ ion is r2þ

Fe ¼ 0:74 Å, the closer value
to rMg

2+ suggests that the probability for the substitutional position-
ing of Fe2+ ions is higher in MgO containing glass, whereas
occupancy of interstitial positions is higher for Fe2+ ions in
BaO containing glass. Thus, the change of the modifier oxide
causes structural modifications at the dopant iron ions site in
Na2SO4AP2O5:Fe2O3 glass network. However, it is worth noting
that there is only 1 mol% of Fe2O3 in the glasses studied, so the con-
centration of Fe2+ ions which can participate either in interstitial or
substitutional position is low.

If we consider the varying modifier ions to be incorporated
between the long-chain molecules in the vicinity of dopant ion in
the phosphate network, then the local symmetry and/or covalency
of the glass at the iron ions might be slightly different for different
modifiers in the glass network. Additionally, the variations in the
concentration of various structural units of phosphate and linkages
between them are also expected to modify the crystal field around
iron ions in the glass network. Overall, there is a higher degree of
structural depolymerization in the glasses with BaO as modifier
when compared with other two glass systems. The lowest values
of glass transition temperature Tg and TC � Tg observed in DSC
studies for BaO containing glass indicates lower cross-link density
of various structural groups and weakening of glass network.

The observed bands in the optical absorption spectra are con-
ventional bands originated from the ground state 6A1g to some
quartet states and these are both spin and parity forbidden. Using
Tanabe-Sugano energy level diagram for d5 configuration, the bands
observed at 361, 369, 376, 399 and 419 nm in the optical absorption
spectra of MF10 glasses are assigned to 6A1g (S) ? 4Eg (D), 4T2g(D),
4T1g(P), 4A1g(G)+ 4Eg(G) and 4T1g (G) octahedral transitions of Fe3+

ions, respectively [39–42]. Since all the excited states are spin quar-
tet states, no spin allowed transitions would occur for Fe3+ ions.
Hence, Fe3+ ions are characterized by weak bands, which arise
due to the spin forbidden transitions. However, the transition
6A1g(S) ? 4T1g(G) involves a change of configuration from
(t2g)3(eg)2 to (t2g)4(eg)1 and is therefore expected to be relatively
broader as observed. The broad peak observed at around 1000 nm
is due to 5T2g ?

5Eg octahedral transition of Fe2+. The peak positions
of all the Fe3+ bands exhibited spectrally blue shift with a consider-
able decay of intensity as the modifier MgO is replaced by CaO and
BaO. However, the band due to Fe2+ ions exhibited a reversal trend.

The validity of the Eq. (1) between ða�hx1=2 and �hx points out
that the optical band gap is caused by amorphous optical absorp-
tion edge. This indicates the fact that the disordered amorphous
glass materials have prevailingly the direct transitions between
the valence band and the conduction band and the absence of
the indirect inter-band transitions like in the case of the crystals
(i.e. the transitions in the different points of the Brillouin zone).
Some deviations observed from this dependence are understood
due to trapping of some disordered states within the energy gap.
The lowest value of optical band gap (Eo) obtained for BF10 glass,
Table 2, suggests a higher amount of the depolymerization or more
bonding defects and non-bridging oxygens (NBO) in the BF10 glass
network.

Fig. 11. The variation of dc conductivity, rdcT, with 1/T for Na2SO4AMOAP2O5

glasses doped with Fe2O3 (a); the compositional dependence of rdc at 393 K, and
activation energy, Wdc (b).
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The optical activation energy associated with 6A1g (S) ? 4T1g (G)
octahedral band of Fe3+ ions is increased from 2.96 eV (glass BF10) to
3.01 eV (glass MF10), whereas the energy of Fe2+ ion transition band
is decreased from 1.25 eV to 1.23 eV for the substitution of other
modifier ion. This is clearly a characteristic feature for inter-valence
transfer or a polaronic type of absorption. It means that the associ-
ated electrons are trapped at shallow sites within the main band
gap (in BF10 glass) and as a consequence possess smaller effective
wave-function radii. This kind of situation is only possible if the
local potential fluctuation is small with respect to transfer integral,
j. A small overlap between electronic wave functions (correspond-
ing to adjacent sites) due to strong local disorder is contributive
to polaron formation. So, within a framework of polaronic model,
the electron delivered by the impurity atom at the Fe3+ site converts
this one into a lower valence state Fe2+. Afterwards the trapped
electron at this Fe2+ site is transferred to the neighboring new
Fe3+ site by absorbing a photon quantum. Thus the optical
absorption in the glass samples is dominated by polaronic transfer
between the Fe2+ and Fe3+ species in BF10 glasses [43,44].

In the ESR spectra, the spectral line centered at g � 4:470 is
identified as being due to the isolated Fe3+ ions in sites of distorted
octahedral symmetry (orthorhombic) subjected to strong crystal
field, while the line at g � 2:016 is attributed to the isolated
Fe3+ ions in a less distorted structural unit or due to Fe3+AOAFe3+

exchange coupled pairs.
It is interesting to remark that in the case of studied glasses the

line at g � 4:4 due to isolated Fe3+ ions appeared but exhibits a
low intensity. It can be concluded that at small content of Fe2O3

(1 mol%), the Fe3+ ions are not disposed in the glass network by play-
ing the role of the network former or modifier, but they are disposed
in the sites easier to occupy, offered by the matrix. It seems that
these sites are relatively large and allow the association of Fe3+ ions
even at such small content of Fe2O3, suggesting that they are not iso-
lated and situated in sites of distorted octahedral symmetry. This is
consistent with previously reported EPR and magnetic studies for
various phosphate glasses doped with iron ions [45,46].

The intensity (I) of the EPR signal is evaluated using I� I (DB)2,
where I is the peak-to-peak height and DB is the square of width of
the signal [47] for geff � 2:016 resonance appears to be the lowest
for BF10 glass. The spectral line at g � 2:016 reveals different
possibility of interaction of the iron ions in the investigated glasses.
The DB dependence suggests the competition between the broad-
ening mechanisms such as the dipole–dipole interaction, the
increased disordering of the glass structure, interaction between
ions in multivalent states and exchange interactions within the
pairs of iron ions. The former shifts the resonance field of any given
ion by an amount representing the average magnetic fields (both
static and dynamic) due to all the other magnetic ions in the solid.
This is termed inhomogeneous broadening and often results in a
Gaussian line shape. Exchange interactions result from mutual spin
flipping, which under some circumstances can tend to average out
the local dipolar fields, leading to line narrowing [48]. The final line
width depends on the relative strengths of both the mechanisms.
The slightly higher value of geff obtained for the BF10 glasses indi-
cates some dipolar interaction that causes a localized magnetic
field at the site of Fe3+ ion.

The dielectric and electrical data of such a complicated
Na2SO4AMOAP2O5:Fe2O glass system is discussed in several direc-
tions. At a given frequency and temperature dielectric parameters
viz., e0(x), tand and rac are found to be the highest for BF10 glass.
In general electronic, ionic, dipolar and space charge polarizations
contribute to the dielectric constant. Among these, it is the space
charge polarization (which depends upon the concentration of de-
fects in the glass network) that influences strongly the dielectric
permittivity at lower frequencies. As mentioned earlier, there is a
possibility that even at low content of Fe2O3 (1 mol%) the Fe2+ ions

similarly to the Na+, Ba2+, Ca2+ and Mg2+ ions may act as modifiers
creating the dangling bonds and nonbridging oxygens by disrupting
phosphate chains. Thus, the defects produced create an easy path-
way for the migration of charges that would build up space charge
polarization and facilitate to an increase in the dielectric parame-
ters [49–51]. The decreasing trend of dielectric parameters with
the successive replacement of Ba2+ ions by Ca2+ or Mg2+ ions sug-
gests increasing degree of electrical rigidity in the glass network.

The Debye model is related to an ideal frequency response of
localized relaxation. In reality the non-localized process is domi-
nated at low frequencies. In the absence of interfacial effects, the
non-localized conductivity is known as the dc conductivity. Thus,
the high dielectric loss, tand, is usually accompanied by rising
e0(x) at low frequencies. Such behavior is found for the present
glasses and showed in Fig. 5. However, it should be noted that
the localized relaxation process has much smaller values of e0(x)
and s than the non-localized one.

The effect of Ba2+, Ca2+ and Mg2+ addition on the relaxation
mechanisms of Na2SO4AP2O5:Fe2O glasses was also investigated
by both Z00(x) and M00(x) as a function of frequency, Fig. 10. Com-
parison with the impedance and electrical modulus data allow the
determination of the bulk response in terms of localized, i.e. defect
relaxation or non-localized conduction, i.e. ionic conductivity [52].
There are two apparent relaxation regions in M00(x) peak, the low-
frequency region, being associated with the hopping conduction
and high-frequency region being associated with the relaxation
polarization process. For the present glasses the M00(x) and Z00(x)
peaks do not completely overlap but are very close suggesting
the components from both long-range and localized relaxation
and distribution of relaxation times [53].

At the characteristic frequency of the maximum of M00(x) and
Z00(x) the relaxation times sM00 and sZ00 are extracted and listed in
Table 5. Although there is a small difference between glasses, it is
clear that at any chosen temperature, the relaxation times, sM00

and sZ00 for BF10, exhibit the lowest values. The relaxation times,
sM00 , as well as sZ00 , are thermally activated with the following
respective activation energy EM00 . From Table 5 it is clear that the
relaxation times, sM00 , for the BF10 and MF10 glasses are smaller
due to a smaller EM00 and Edc and consequently, a higher conductiv-
ity, rdc. For the CF10 glass the relaxation time, sM00 , become higher
because of the enhanced mixed ‘‘alkali–alkaline earth effect’’ [12]
which will be discussed in more details later. In addition a close
maximum position of M00(x) and Z00(x) peaks, represented for all
three glasses in Fig. 10 illustrates that the dynamic process occur-
ring at different frequencies exhibits the same thermal activation
energy. Therefore, both peaks, M00(x) and Z00(x), describe the same
relaxation process.

According to Figs. 7 and 10 the position of the peak in the tand
curve is shifted to a lower frequency region related to the Z00(x)
and M00(x) peaks. These three peaks describe the relaxation pro-
cess with following order of relaxation time:

stan d > sZ00 � sM00

If it is assumed that the electrical field in these glasses is a
Lorenz field, the connection between the number, N, of the dipoles
per unit volume, the dipole moment, l, and the low and high fre-
quency dielectric constants, e0s(x) and e01(x), can be presented
according to Classius–Mosetti Debye relation with modification
of Bottcher and Bordewijk [29]:

e0s � 1
e0s þ 2

� e01 � 1
e01 þ 2

¼ 4pNl2

27kBT
ð4Þ

Due to the fact that in the present glasses ions and dipoles can
be approximately regarded as mere points and the concentration of
dipoles is not abnormally high, one need not doubt the applicabil-
ity of the Eq. (4). After rearranging the terms, Eq. (4) is modified to:
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e0s � e01
ðe0s þ 2Þðe01 þ 2Þ T ¼ 4pNl2

9kB
ð5Þ

The quantity, Nl2, in the right hand side of Eq. (5) represents
the strength of dipoles. Substituting the values of, e0s(x) and
e01(x), the quantity, 4pNl2/9kB is evaluated at 523 K for all the
three glasses and presented in Table 5. The value of 4pNl2/9kB is
found to be the highest for BF10 glass indicating that the spreading
of relaxation times is the highest in this glass when compared with
the other two glasses. The spreading of relaxation times is possibly
due to the coupling of individual relaxation processes, one site
needing to relax before the other can do so. Even if each relaxation
site has the same value of s the coupling between them ensures
that the time domain is effectively stretched leading to the spread-
ing of relaxation times as observed [29,54,55]. The possible con-
tributors to the dipolar effects in addition to the octahedral
complexes of Fe2+ ions are the complexes of divalent alkaline earth
ions [56]. The lowest value of activation energy for dipoles and also
the relaxation time observed for BF10 sample, Table 5, suggests the
highest degree of freedom for dipoles to orient in the field direction
in this glass network.

Typical ac conductivity spectra at different temperatures are
shown in Fig. 8 for CF10 glass. The transition point between two re-
gions, dc conductivity and dispersion, is shifted toward higher fre-
quency with increasing temperature. The variation of s values with
temperature are exhibited for all glasses under study in Fig. 7(b)
and listed in Table 6. The values are higher at low temperatures
whereas rapidly decrease with increasing temperature reaching a
minimum at about 0.6. The lowest value for s factor found for
BF10 glass is consistent with more evidenced modified phosphate
network containing various phosphate units. This leads to the con-
clusion that more instable ion sites are formed, which due to open-
ing of many channels, results in an enhanced ion transport over
long distance for BF10 glass. Moreover, according to Dyre and
Schroder [57] the temperature dependence of the s factor was
explained on the basis of the many body interaction model. At
low temperature the interaction between the neighboring charge
carriers is almost negligible. As temperature increases, the
interaction increases, leading to a decrease in s. If s increases with
temperature the correlated barrier hopping (CBH) mechanism is
dominant assuming that the lower values of s occur for multiple
hops while the higher values occur for single hops. Clearly the tran-
sition between different s regimes is associated with the transition
from the low activation barriers to the high activation barrier in
conductivity.

The dc conductivity, rdc, is changed only slightly, less than one
order of magnitude, for this series of glasses, Fig. 11(b). However,
the highest values of rdc at any temperature found for BF10 glass
is probably related to the higher mobility of Na+ ions in a disor-
dered phosphate network. As earlier pointed out, Ba2+ ions do act
as modifiers and enhance the concentration of dangling bonds. This
in turn causes a decrease in the electrostatic binding energy and
the strain energy for the easy passage of Na+ ions which conse-
quently leads to a substantial decrement in the jump distance.
Similar effect is expected for glasses containing Ca2+ and Mg2+ ions,
but the magnitude of induced disorder and fragmentation of the
phosphate matrix is much higher in BF10 glass. This behavior is
in good accordance with the lowest value of activation energy for
conduction observed in case of BF10 glass when compared with
that of the other two glass systems.

On the other hand, the behavior for rdc is a result of the inter-
actions between Na+ ions and alkaline-earth (Ca2+, Mg2+, Ba2+) ions
due to the ‘‘mixed alkali–alkaline-earth’’ effect. In silicate and
phosphate glasses the replacement of alkali by alkaline-earth
oxides results in a decrease in conductivity of several orders of
magnitude. This effect changes in the order MgO < CaO < BaO,

meaning that for a given molar composition, glass containing
MgO exhibits the smallest decrease in conductivity [12]. However,
since the replacement of one alkaline-earth by another while
maintaining the identity of the alkali ion has a much smaller effect
on the conductivity [12], an exact glass composition should be spe-
cifically considered. The observed lowest value of rdc in glass MF10

is probably caused by the more effective ‘‘mixed alkali–alkaline-
earth’’ interactions and also due to the significant modifications
of phosphate network in this glass. Nevertheless, it is worth noting
that these glasses show very weak variation of conductivity with
the changes of the type of the alkaline-earth oxide indicating only
slight influence on the transport of Na+ ions. Although these glasses
contain Fe2+ and Fe3+ ions in a small amount (app. 1 mol% of Fe2O3)
it is not expected that the polaronic conduction dominates the
electrical transport, but some small contribution due to the hop-
ping between Fe2+ and Fe3+ ions cannot be excluded.

The results from the present study show the different behavior
of rac and rdc, Tables 6 and 7, which can be explained by percola-
tion theory [58]. The dc conductivity is a result of a long-range mo-
tion of the ions which can take place only when a percolation
conductive cluster exists, whereas, the rac is related to the ionic
motion on shorter length scales and it is not connected with the
existence of percolation conductive cluster. As a result, rac only
slightly depends on the composition and does not show significant
change within glasses in this series. Going further in analysis, the
activation energies which describe the temperature dependence
of rac and rdc is discussed. As a matter of fact, in all cases the acti-
vation energy of the ac conductivity is lower than that of the dc
conductivity which again reflects that the rac probes dynamics
on shorter time and length scales. Overall, the ac conductivity for
the present glass represents the short range movement of Na+ ions
(and small polarons) and therefore they have to overcome only lo-
cal activation energy barriers. For the long-range motion related to
the dc conductivity the Na+ ions (and small polarons) have to over-
come larger barriers.

5. Conclusions

Sodium sulfo-phosphate glasses mixed with three different
modifier oxides (viz., MgO, CaO and BaO) and doped with
1.0 mol% of Fe2O3 were prepared. A variety of spectroscopic electri-
cal and dielectric studies have been carried out. The spectroscopic
properties have indicated that the iron ions exist in Fe3+ and Fe2+

states. These results further indicated that Fe3+ ions participate in
the glass network with tetrahedral occupancy, whereas Fe2+ ions
mainly act as modifiers. The reduction of iron ions from Fe3+ to
Fe2+ state is found to be more in BaO mixed glasses. The analysis
of the results dielectric loss, electric moduli and impedance dia-
gram indicated that there is long-range and localized relaxation
and distribution of relaxation times. The possible contributors to
the dipolar effects were identified as octahedral complexes of
Fe2+ ions and the complexes of divalent alkaline earth ions. The dis-
tribution of relaxation is observed to be more in case of BaO mixed
glasses and it is attributed to the higher degree of disorder in the
glass containing as BaO as modifier.

The dc conductivity in these glasses is understood due to the re-
sult of a long-range motion of the Na+ ions (and small polarons)
that have to overcome larger barriers ions, whereas, the rac is
found to be related to the ionic motion on shorter length scales
and in this case Na+ ions (and small polarons) have to overcome
only local activation energy barriers. This conclusion is further con-
firmed by the obtained values of activation energy. The activation
energy of the ac conductivity is found to be lower than that of the
dc conductivity which reflects that the rac probes dynamics on
shorter time and length scales. The highest ac/dc conductivity
and lowest activation energy for conductivity observed for glasses
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mixed with BaO modifier. This is attributed to the significant
increase of ionic contribution due to an increase in the
concentration of dangling bonds that have lead to the substantial
decrement in jump distance for sodium ions.
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