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Magnetic glasses compositions: xFe2O3 + (30 − x)V2O5 + 30Na2O + 40B2O3 (x = 0, 2, 3, 5, 7, 10, and
15), abbreviated as FVNBx, are prepared with conventional melt-quenching technique, and the structural, phys-
ical, and electrical properties of compositions are investigated. The amorphous nature of the FVNBx glasses
is confirmed using X-ray diffraction technique. It is found that the density of the glasses increases with x.
The molar volumes calculations are based on the molar mass and the density data, which are then correlated
with the structural changes. The decrease in the theoretical optical basicity shows marginal increase in the co-
valence of oxygen, when the V2O5 content is replaced with Fe2O3. The Fourier transform infrared spectroscopy
that is carried out in the mid-IR region, shows the absence of the six-atomic (B3O3) boroxol rings. In this paper,
the IR absorption bands corresponding to the combined contributions of tri and tetra borate vibrations are identi-
fied. The distinct IR spectra of the samples with different x indicates that the iron acts as a strong glass modifier,
and brings only noticeable microstructural changes in the glass structures. Fe2O3 is believed to act as both glass
former and glass modifier. The increase of DC electrical conductivity with temperature indicates a semiconduct-
ing nature of the glasses. The replacement of V2O5 by Fe2O3, even by 1 mol%, decreases the DC conductivity
by an order of magnitude, and increases the activation energy by a factor of two. Composition, frequency, and
temperature dependence of different dielectric parameters, namely dielectric constant ε′, dielectric loss ε′′, loss
tangent tan(δ), electrical modulus M∗, etc., are also analyzed.
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1. Introduction

Glasses form a very distinct class of materials, which
become important due to its countless applications. Tra-
ditional use of glasses includes containers, windows,
lamps and optical components etc. More specific use in-
cludes applications in communication, electronics, and
containers for radioactive waste. Any development that
demonstrates the importance, versatility, and promise
of glasses for newer and newer use, makes these mate-
rials very attractive for researchers. The glasses are pre-
pared by almost limitless different chemical compositions,
which give rise to different properties. Borate glasses
are known for lower temperature fabrication, variety of
chemical compositions, and for their structural peculiar-
ities. This is due to their dielectric, optical, magnetic,
and super ionic properties [1–5].
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The structural information is usually obtained by
X-ray and infrared investigations. The thermal study
provides information about the stability and the glass
transition temperature. The electrical properties are in-
vestigated by the dielectric measurements and the AC
and DC electric conductivities.

From previous studies on glasses, it is well under-
stood that glasses can exhibit both electronic con-
duction as well as polaronic one. This latter con-
duction is directly dependent on the local structure
and carrier concentration in the material under study.
Jozwiak et al. had investigated the electrical and ther-
mal properties of lithium–iron–phosphate (LFP) glasses
and found that glasses with olivine-like local order ex-
hibit mixed polaronic–ionic conductivity with predomi-
nance of the polaronic component [6]. They have also
shown the possibility of enhancement in total electri-
cal conductivity by the creation of nanocrystallites in
the lithium–iron–phosphate glass. Garbarczyk et al. [7]
have studied electrical properties of mixed conduc-
tive silver vanadate–phosphate glasses and observed the
ion-polaron effect (IPE) due to electrostatic attraction
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between electrons/polarons and Ag+ ions. This IPE ef-
fect results in decrease of total electrical conductivity
at specifically given concentrations of both components.
Kamitsos et al. have studied the lithium sulfate based
fast ionic conducting borate glasses by vibrational and
electric transport measurements. They found an evi-
dence for two broad distributions of cation-hosting en-
vironments [8, 9]. Bih et al. studied the electronic and
ionic conductivity of glasses of the Li2O–MoO3–P2O5

system [10]. Recently, Langar et al. investigated the con-
ductivity and dielectric behaviour of NaPO3–ZnO–V2O5

glasses [11]. Mekki et al. have investigated the structure
and magnetic properties of vanadium–sodium–silicate
glasses [12]. Bhagat studied the dielectric relaxation
in Na-doped BiPbSrCaCuO glasses [13]. Dalba et al.
have investigated the short range order in borate
glasses by X-ray absorption spectroscopy [14]. An elec-
trothermal model for high field conduction and switch-
ing phenomena in Te2O2–V2O5 glasses was suggested
by Montani et al. [15].

Our recent studies concern various properties of dif-
ferent vanadium doped borate glasses [16–18]. Kashif
et al. have studied the effect of alkali content on AC
conductivity of borate glasses containing two transition
metals [19]. Borate glasses are generally insulating in na-
ture and the addition of transition metal oxides, such as
Fe2O3 and V2O5, makes them dilute magnetic in nature
and electrically semiconducting. These mentioned prop-
erties create possibilities for preparing such glasses hav-
ing potential applications in optical and electronic mem-
ory switching, cathode materials for making solid state
devices, and optical fibres. Addition of alkali metal ox-
ides to borate network results in the formation of several
borate groups, which lead to tightly organized structures
in an intermediate range order. Alkali borate glasses hav-
ing transition metal ions could open up new possibilities
to extend the properties of these materials.

Mekki et al. reported that in vanadium–sodium–
silicate glasses only 2% of total vanadium was found
in magnetic V4+ oxidation state, most of it was found
to exist in the non-magnetic V5+ oxidation state [12].
Saetova et al. have studied the Li2O–V2O5–B2O3

glasses and, similarly to borate case, found that vana-
dium exists predominantly in non-magnetic V5+ valence
whereas the magnetic V4+ valence is in minority, while
the electrical conduction is mainly electronic [20].

There exists such a conviction that the increase in
the average spacing between the polaron hoping sites in-
hibits the mobility of small polarons. Thus, observed de-
crease in the electrical conductivity and increase in the
activation energy might be affected by increase in en-
ergy hopping. Network modification reveals the forma-
tion of non-bridging oxygens (NBOs), and converting ba-
sic structural units of borate and vanadate into charged
units. The concentration of the NBOs determines
ease of bond reconstruction and hence the viscosity.
The microstructural information is conventionally ob-
tained through characteristic Fourier transform infrared

(FTIR) spectra, X-ray diffraction (XRD), and other spec-
troscopic techniques. Presence of iron in the glasses en-
sures that these glasses are magnetic since both Fe2+ and
Fe3+ oxidation states are magnetic, whereas vanadium
can exist entirely in non-magnetic V5+ oxidation state.

In the present paper, we have attempted to study
the magnetic soda–boro–vanadate–iron glasses of the
composition: xFe2O3 + (30 − x)V2O5+30Na2O +
40B2O3 (FVNBx, where x = 0, 2, . . . , 15). Results of
physical, structural, thermal, and electrical measure-
ments on the FVNBx glasses are presented.

2. Experimental

2.1. Glass preparation

The glasses of the desired composition were prepared
by the conventional quick melt quenching technique.
The starting materials were analytical grade reagents
(AnalaR): H3BO3, Na2CO3, V2O5 and Fe2O3. The de-
sired amounts of components were calculated according
to the molar formula xFe2O3 + (30− x)V2O5 + 30Na2O
+ 40B2O3 (abbreviated as FVNBx), where x = 0, 2, 3,
5, 7, 10, and 15 mol%. Appropriate amounts of Fe2O3,
V2O5, Na2CO3, H3BO3 were well dry mixed and ho-
mogenized. The homogenized powders were melted in
high purity alumina crucibles maintained at a tempera-
ture of 1050 ◦C in an electrically heated muffle furnace for
about one hour. The alumina crucibles containing glass
melts were swirled frequently to insure the homogene-
ity of the melt. The melts were then quickly quenched
to lower temperature (≈ 300 ◦C) by pouring onto clean
thick stainless steel (SS) plates preheated to≈ 300 ◦C and
subsequently pressing by another thick SS plate which
was preheated to ≈ 300 ◦C to provide a better quenching
rate, to reduce the strains during glass formation, and
to obtain smooth surfaces of the plate-glass samples.

2.2. XRD

The as prepared samples were crushed to a fine pow-
der and analysed using X-ray diffractometer (RigakuUl-
tima IV) by employing CuKα radiations. The diffraction
patterns were taken for two-theta (2Θ) from 20◦ to 80◦

at a scan speed of 2◦ per min.

2.3. Density measurement

The density D of the prepared glass samples was
measured using the Archimedes principle at room tem-
perature RT . The masses of the samples were mea-
sured by sensitive electronic balance (CAS CAVY 220).
Xylene was used as an inert immersion liquid for
measuring the buoyancy. The density was calculated
using the formula

D =
DχWa

Wa −Wχ
, (1)
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where Dχ,Wa, andWχ are the xylene density, the weight
of sample in air, and the weight of sample in buoyant
liquid (here xylene), respectively. The molar volume
Vm of each glass sample was calculated from data ob-
tained for density. Overall, the formula Vm = M/D was
used, where M is molar mass of samples. The error in
the density measurement was estimated as ±0.01 g/cc
(1 g/cc = 103 kg/m3).

The theoretical optical basicity (Λth) was calculated
by using the following relation:

Λth = XFe2O3
ΛFe2O3

+XV2O5
ΛV2O5

+XNa2OΛNa2O +XB2O3
ΛB2O3

. (2)
Here, X-terms are mole fractions and Λ-terms are opti-
cal basicity values of corresponding oxides, as assigned
in literature [21–24].

2.4. Thermal analysis
— differential scanning calorimetry

The differential scanning calorimetry (DSC) measure-
ments of the samples in the bulk form were carried out in
the temperature range of RT to 900 ◦C on a simultaneous
thermal analyzer (Perkin Elmer STA 6000). The heating
rate and nitrogen flow rate used to carry out the analysis
were 10 ◦C/min and 100 ml/min, respectively. The dif-
ferential temperature versus temperature (∆T vs. T )
and loss of mass versus temperature (∆m vs. T ) were
recorded and plotted. ∆T is taken as positive for the
endothermic process. For loss of mass at different tem-
peratures the mass of the sample under test is monitored
as a function of temperature under the flow of hot dry
nitrogen gas and then loss of mass in percent (∆m) is
calculated as a function of temperature T .

2.5. FTIR

The FTIR spectra of the glass samples were recorded
at room temperature on Perkin Elmer Frontier FTIR
spectrometer in the mid-IR range, i.e., 400–4000 cm−1.
To record the infrared absorption spectra, KBr pel-
let technique was used. Base line and noise correc-
tion were achieved using Spectrum-10 software (provided
with FTIR spectrophotometer). For peak identification
of the processed spectra, multiple peaks fitting of each
spectrum was carried out using Origin-16 Pro by adding
peaks till the fit parameter became ≥ 0.999.

2.6. Electrical measurements

For these measurements, samples were cut and pol-
ished in the form of rectangular plates with the thick-
ness ranging ≈ 1.0 mm. The broad faces of the reg-
ular shaped glass sample were painted by colloidal sil-
ver paste to remove any type of surface irregularity and
to form two conducting electrodes. Since the samples
showed high resistivity, the DC electrical conductivity
of samples was measured by two probe method in the
temperature range from RT to 200 ◦C with a heating
rate of 1 ◦C/min. All the measurements were carried out

on a Keithley low voltage source meter (Model 2401) in
4 wire mode and by applying a filter with repeated av-
erage of 50 points. A constant voltage of 20 V was ap-
plied across the high and low terminals while carrying
out measurements. To avoid degradation of the samples,
current was passed only for short periods (less than 20 s
at a time). To avoid any sort of polarization effect, a tog-
gle switch was used to reverse the polarity of applied
voltage frequently at each measurement and the value
of current was taken as an average of the maximal DC
electric current values for both forward and reverse po-
larities. For a body with a constant cross-section A (m2)
and a constant thickness t (m) carrying a current I (am-
pere) under the applied DC voltage V (V), the volume
conductivity σ (S/m) of the specimen can be determined
from the elementary formula: σ = [(tI)/(V A)]. The es-
timated error in the measurement of σ is about 3%.

The measurements at frequency lower than 1 kHz has
not been reported because of instrument limitations as
it gives fully noisy and insignificant data for those fre-
quencies. Impedance spectroscopy of samples was car-
ried out on an impedance analyzer (Hioki 3532-50 LCR
HiTester) in a frequency range of 1 kHz to 5 MHz and
temperature range from RT to 200 ◦C with a heating rate
of 1 ◦C/min controlled through a digital programmable
electrical furnace. The experimental errors in the capac-
itance and resistance measurements were estimated to be
±0.1 pF and ±10 Ω, respectively. The complex dielectric
permittivity, ε∗ = ε′−j ε′′ (with ε′ and ε′′ as the real and
the imaginary part of dielectric constant), dielectric loss
tangent tan(δ) and AC conductivity σac were calculated
from the standard relations

ε′ = Ct/ε0A, (3a)

ε′′ = ε′ tan(δ), (3b)

σac = 2πfε′ε0 tan(δ), (3c)
where the symbols used are capacitance C (in F), area
of broad cross-section A (in m2), thickness t (in m), per-
mittivity of free space ε0 = 8.854 pF/m, and f (in Hz) is
the frequency of AC voltage used in the experiment.

3. Results and discussion

3.1. XRD

The glass samples were tested by XRD to confirm
the glassy nature of all the samples. The XRD patterns
are shown in Fig. 1. All the samples have shown only
characteristic glass XRD patterns. No crystalline phase
is detected by XRD. This confirms the non-crystalline
nature of the samples prepared for study.

3.2. Density

Measured values of density and calculated values of
molar volume are collated in Table I. There is a dis-
tinct variation in the densities of the glasses depending
on the iron and vanadium contents. Figure 2 displays
the variation of the density as a function of iron content x.
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TABLE I

Composition, density D, molar volume Vm, theoretical optical basicity Λth of FVNBx (x = 0, 2, 3, 5, 7, 10, 15) glasses.

x Sample
Molar

weight [g]
Density
[g/cm3]

Molar volume
[cm3/mol]

Optical
basicity

0 0 Fe2O3 + 30 V2O5 + 30 Na2O + 40 B2O3 136.78 2.42 56.43 0.902
2 2 Fe2O3 +28 V2O5 + 30 Na2O + 40 B2O3 136.47 2.53 53.87 0.9016
3 3 Fe2O3 + 27 V2O5 + 30 Na2O + 40 B2O3 136.32 2.57 53.12 0.9014
5 5 Fe2O3 +25 V2O5 + 30 Na2O + 40 B2O3 136.00 2.59 52.41 0.901
7 7 Fe2O3 + 23 V2O5 + 30 Na2O+ 40 B2O3 135.69 2.63 51.55 0.9006
10 10 Fe2O3 + 20 V2O5 + 30 Na2O+ 40 B2O3 135.22 2.67 50.59 0.9000
15 15 Fe2O3 + 15 V2O5 + 30 Na2O + 40 B2O3 134.44 2.72 49.46 0.899

Fig. 1. XRD spectra of FVNBx (x = 0, 2, 3, 5, 7, 10, 15)
glasses recorded at RT.

Fig. 2. Density variation of FVNBx (x = 0, 2, 3, 5,
7, 10, 15) glasses. ∆D represents the change in density
with respect to FVNB0.

As can be seen, the overall change in density is around
0.3 g/cc when replacing V2O5 with increasing concentra-
tion of Fe2O3 (from x = 0 to x = 15). The increase in
density and decrease in molar volume with the increase

in iron content is justified because glass modifier V is
being replaced by heavier metal iron and a better fill-
ing factor is created by Fe–O coordination in the glass
microstructure by acting both as glass former and glass
modifier.

The optical basicity proposed by Duffy and Ingram was
used as a measure of acid-base properties of oxide glasses
and is expressed in terms of the electron density carried
by oxygen [25–28]. The values of theoretical optical ba-
sicity for the prepared compositions (as shown in Table I)
indicate a nominal decrease with an increase in Fe2O3

content at the cost of V2O5 in the glass. The decreasing
optical basicity by addition of Fe2O3 in place of V2O5

indicates a marginal decrease in the ability of oxygen to
donate negative charge to the bonding. It points towards
an increase in covalent character of the bonds in the glass
network with increase in Fe2O3 content. This property
may affect the electrical conduction of the glasses and
a decrease in conductivity is anticipated.

3.3. Thermal analysis

From the ∆T versus T scans the glass transition Tg
could be estimated from the broad endothermic shift
as shown in Fig. 3 for all FVNBx (x = 0, 2, 3, 5, 7,
10, 15) glasses. The glass transition temperature Tg
is considered to be a characteristic of structural relax-
ations taking place in the glass network and depends
upon many factors, namely, bond strength, cross linking
density, enthalpy of atomization, nature of the structural
units constituting the glass network and their connectiv-
ity way [29, 30]. It was observed that the glass transition
lies approximately between 500 ◦C and 550 ◦C (±25 ◦C)
for all the glasses prepared. Further, by close analysis of
Fig. 3, an increase in Tg is indicative with the increase of
iron content x. This may be due to the reason that with
increase in iron content, the inter atomic distance de-
creases and overall structure become more closely packed,
i.e., density and bond strength increased and more en-
ergy is required to dissociate Fe–O and V–O bonds. This
will cause an increase in transition temperature Tg with
increase in iron content [31, 32]. This indicates that
the Fe2O3 acts both as glass former and as glass modifier.
To determine the thermal stability of the prepared glasses
a known amount of the sample was heated with dry
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Fig. 3. Differential temperature ∆T vs. temperature
T scans of FVNBx (x = 0, 2, 3, 5, 7, 10, 15) glasses.
∆T upward indicates the endothermic process.

Fig. 4. Percent mass loss vs. T scans of FVNBx
(x = 0, 2, 3, 5, 7, 10, 15).

nitrogen gas flow at a constant rate and the correspond-
ing mass loss percent ∆m = 100(mT −mRT )/mRT was
measured at different temperatures. Here, mRT and mT

are the masses of the sample at RT and at temperature T ,
respectively. The measurements were performed on pow-
dered samples. As prepared glass wafers were crushed to
fine powders in a mortar and pestle under ambient con-
ditions which were subsequently used for the mass loss
measurements. The observed mass losses (in %) vs. tem-
perature are shown in Fig. 4.

The observed percent mass losses lie in the range from
0.25 to 0.45 in the glass samples under investigation in
the temperature range of study. The small mass loss
is attributed to the evolution of the adsorbed moisture
and ambient gases during the handling of the glass pow-
ders. It may also be mentioned that at RT no detectable
mass loss was observed even after one year of the vacuum
dry storage. This confirms that the prepared glasses are
chemically stable over the temperature range of study.

3.4. FTIR study

The FTIR spectra of FVNBx glass systems at RT
in the frequency range of 400–1600 cm−1 are shown
in Fig. 5.

According to an assumption in vibrational spec-
troscopy of the solid state, the vibrations of a specific
group of atoms in a lattice are regarded as relatively in-
dependent of motions of the rest of the atoms. In FTIR
specific groups of atoms are characterized by distinct nor-
mal modes of vibrations and are displayed as absorp-
tion bands. The FTIR spectra show multiple absorption
peaks which are attributed to different vibrational modes
of various multi-atomic species existing the glass matrix
(see Table II).

To analyze the FTIR spectra more accurately, mul-
tiple peak fittings of the FTIR spectra have been done
using Origin 8.1Pro. Peaks were fitted to the simulated
curve till the fit parameter became > 0.999. Gaussian
peak fitted/convoluted spectra for all the samples are
shown in Fig. 6. Through the peak fitting, the peak po-
sition/centre (cm−1) and the relative area (intensity) of
the peaks were determined. The data thus obtained is
collated in Table III.

The FTIR spectra of sodium–iron–boro–vanadate
glasses are expected to mainly consist of three absorp-
tion regions: (i) high frequency range 1200–1600 cm−1
attributed to the vibrations of B–O in borate units,
in which boron is connected to three oxygen atoms
(both bridging (BO) and non-bridging (NBO) types),
(ii) mid frequency range 800–1200 cm−1, which are
mainly formed by tetrahedral coordinated boron (BO4),
and (iii) low frequency ranges 400–800 cm−1, which are
due to B–O–B and V–O–V bending and stretching of
Fe–O (tetrahedral FeO4 and octahedral FeO6 units).

Fig. 5. FTIR spectra of FVNBx (x = 0, 2, 3, 5, 7,
10, 15) glasses recorded at RT.
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TABLE IIExpected assignment of IR bands in the
spectra of FVNBx [25, 26].

Peak
position [cm−1]

Assignment

∼ 1200–1400 stretching of B–O of trigonal boron
(BO3)

∼ 1250 stretching of trigonal boron con-
nected to V atoms in borovanadate
species (B2V2O9)2−

∼ 900–1100 stretching B–O of tetrahedral boron
(BO4)

∼ 950–1000 (sharp) V=O stretching of vanadyl (VO)2+

∼ 900–1050 stretching of four connected five-
coordinated vanadium species (V4−)
(VOO4)2−

∼ 790–800 Stretching of two connected four
coordinated vanadium species (V−2 )
(VOO2O)−

∼ 700–710 vibrations involving VOO−3
∼ 660 stretching modes of Fe–O of tetrahe-

dral FeO4

∼ 610–700 B–O–B bending of trigonal boron
atoms

∼ 460–530 stretching modes of Fe–O of octahe-
dral FeO6

∼ 430–450 V–O–V bending modes

The absence of the prominent peak ≈ 800 cm−1 in the IR
spectra of the present glasses is an indication of the miss-
ing six-member boroxol rings –(B3O3)– in the glass net-
work. Based on the relative intensity the observed ab-
sorption bands are categorized as weak (W), medium (M)
or strong (S) (see Table III).

In the present glasses, the main IR absorption peaks
are present around: {614(M), 650–702(S), 921FVNB15,
944–960, 1050–1096, 1200–1275, 1330–1400, 1445, 1474,
1540, 1592} cm−1. Asymmetric vibrations of B–O
bonds from pyro- and ortho-borate groups in BO3 trig-
onal units are confirmed from the peaks in the range
1200–1500 cm−1. The IR spectrum of vitreous V2O5 is
found similar to that of the crystal. It shows a sharp
band around 950–1000 cm−1, which means that the iso-
lated V=O bonds from the VO5 trigonal bipyramids are
preserved also in the vitreous structure. The strong
bands around 650–702 cm−1 are attributed to the bend-
ing vibrations of the O–V–O bond. The bands around
650–702 cm−1 are assigned to the combination vibra-
tions of (VO3)n single chain or due to antisymmetric vi-
brational modes of V–O–V group. The bands around
929–1007 cm−1 are attributed to the symmetric stretch-
ing vibrations of V–O–V. The main coordination polyhe-
dron for vanadium in the crystal structures is the VO4

tetrahedron with three terminal V–O bonds forming VO3

groups. In the vitreous V2O5 counterpart, there is a band
at ≈ 920 cm−1, which is close to the symmetrical stretch-
ing vibrations of VO3 unit, in the spectra of crystals.
This band is observed in the FTIR spectrum of FVNB15
glass. The bands around 950–970 cm−1 are attributed

Fig. 6. Gaussian deconvoluted FTIR spectra for (a)
FVNB0, (b) FVNB2, (c) FVNB3, (d) FVNB5,
(e) FVNB7, (f) FVNB10, (g) FVNB15 glasses.

not only to the VO5 groups but also to the branched VO4

groups having one (V=O)2+ double bond. This band
has a medium to weak intensity in the present glasses.
The weak presence of ν (V=O) band indicates that ma-
jority of the V exists in V5+ and V4+ valence is in mi-
nority. Such observation was confirmed by Saetova et
al. in Li2O–V2O5–B2O3 glasses. The absorption band
at 1074 cm−1 in iron free FVNB0 glass shifts to a higher
frequency (1086 cm−1) in FVNB2 due to incorporation
of two mole percent of Fe2O3. A shift to a higher fre-
quency is attributed to shortening of B–O bond in di-
and penta-borate linkages. However, this band remains
stable 1152 cm−1 in FVNB3, FVNB5, and FVNB7 which
indicates that a weakening of B–O bond has taken place
for these concentrations of Fe2O3. For higher concentra-
tion of Fe2O3 (x = 10 and x = 15) a gradual shift towards
higher frequency is observed which indicates a trend of
strengthening of B–O bond for glasses containing higher
iron content. The strong high frequency bands between
1300–1600 cm−1 attributed to O–B–O bonds of tetra-
hedral BO4 and trigonal BO3 bonds also show signifi-
cant changes due to change in Fe2O3/V2O5 composition.
The irregular trends in shifts of the frequencies confirm
the changes in the structure of the glass network mainly
through strengthening and/or weakening of the oxygen
bonds (bridging and/or non-bridging).
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TABLE III

FTIR peak centre [cm−1] and relative peak area (intensity) for FVNBx glasses. The relative intensity is shown in
parenthesis along with the peak centre [cm−1]. Peaks with intensity (1)–(4) are termed as weak, with (5)–(9) as medium
and above (9) as strong.

FVNB0 FVNB2 FVNB3 FVNB5 FVNB7 FVNB10 FVNB15
476(4) 460(1) 479(3) 476(2) 475(1) 477(5) 476(1)
542(9) 530(1) – – – – –
613(5) – – – – – –
614(6) – 617(5) 615(3) 617(1) 616(3) 615(5)

– 656(39) 671(20) 679(13) 681(4) 661(22) 697(10)
– – – – 702(39) – –

817(1) – – – – – 780(1)
837(1) 833(1) 829(1) – – 848(2) 826(2)
918(1) – 919(1) 910(1) – – 921(10)

– 947(4) – 944(6) 944(4) 942(6) 944(1)
958(1) 959(1) 951(5) – – – –

– – – – – – 1001(1)
– – 1020(1) – – 1026(2) 1025(1)
– – 1052(3) 1051(3) 1053(4) 1064(2) 1069(9)

1074(14) 1086(9) – – – 1096(2) –
1105(1) – 1104(2) 1102(1) 1107(1) 1120(1) 1130(1)
1177(1) – – – – – –

– 1212(2) 1210(2) 1205(3) 1224(4) 1207(1) 1208(3)
– 1263(4) 1255(3) 1245(4) – 1245(11) 1274(14)

1342(12) 1333(1) 1335(11) 1340(20) 1341(15) 1325(4) 1346(5)
– 1397(16) 1395(5) – – 1367(5) 1393(2)

1423(18) – – – – 1429(11) –
– – 1434(18) 1435(17) – – 1438(19)

1445(21) – – – 1474(26) – –
– 1584(19) 1546(15) 1543(18) – 1527(25) 1592(16)

Another interesting feature is displayed by the shifts in
the low frequency bands. The negligible shift in bands as-
signed to V–O bonds indicates a stable nature of the V–O
bonds in the glass network of the glasses under study.
However, a band ≈ 655 cm−1 assigned to Fe–O bond of
tetrahedral FeO4 units reflects a regular increase in fre-
quency with x (except for x = 10). This confirms that
the shortening of Fe–O bond is occurring in the tetrahe-
dral FeO4 units of the glass network as the Fe2O3 content
is increased. Therefore the analysis of the FTIR spectra
of the samples revealed significant changes in the features
of the absorption bands which are a confirmed signature
of the micro-structural changes in the glass network due
to change of Fe/V composition. Therefore in the present
glass system Fe2O3 acts both as glass modifier as well as
glass former.

3.5. Electrical measurements

The temperature dependence of DC electrical conduc-
tivity σ of as prepared glasses are presented in Fig. 7.
This dependence of the DC conductivity obeys the well
known Arrhenius formula [16, 27, 28], namely

σ = σ0 exp

(
− W

kBT

)
, (4)

where W is the activation energy for conduction, σ0 is
a constant for given glass, kB is the Boltzmann con-
stant and T is the temperature in kelvin (K). The values
of W and pre-exponential factor σ0, were evaluated by
the least squares fitting of the experimental data, using
the relation

log(σ) = log(σ0)− W

2303kB

1000

T
. (5)

This linear relationship between conductivity and re-
ciprocal of temperature indicates that the activation en-
ergy is independent of temperature in the range stud-
ied here. The fact that σ increases with increase in
temperature establishes the semiconducting type of be-
haviour for electrical conductivity. The calculated val-
ues of σ (at 80 ◦C and 180 ◦C), σ0 and W are displayed
in Table IV. The x dependence of DC conductivity at
80 ◦C and 180 ◦C are shown in Fig. 8 for comparison.
The activation energy W vs. x plot is shown in Fig. 9.
At 80 ◦C the conductivity is found to decrease as x is in-
creased. The activation energy however, shows a reverse
correlation with x, which is consistent with small polaron
hopping (SPH) model [27, 28, 33] and explains the semi-
conducting nature of the glasses under study. At 180 ◦C
the conductivity of FVNB10 glass increases as compared
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Fig. 7. Variation of log(σdc) [S/m] as a function of re-
ciprocal of temperature for FVNBx (x = 0, 2, 3, 5, 7,
10, 15) glasses.

Fig. 8. DC conductivity at 80 ◦C and 180 ◦C for the
FVNBx (x = 0, 2, 3, 5, 7, 10, 15) glasses.

Fig. 9. Activation energy W of the FVNBx (x = 0, 2,
3, 5, 7, 10, 15) glasses.

TABLE IV

DC conductivity σ, prefactor σ0 and activation energy
W for FVNBx (x = 0, 2, 3, 5, 7, 10, 15) glasses

Sample
σ at 80 ◦C
[µS/m]

σ at 180 ◦C
[µS/m]

σ0

[S/m]
W

[eV]
FVNB0 2.3 27.0 0.21 0.35
FVNB2 0.12 11.4 744.6 0.70
FVNB3 0.14 11.0 397.2 0.68
FVNB5 0.07 14.2 1490.7 0.71
FVNB7 0.09 21.1 4243.3 0.75
FVNB10 0.01 18.2 564.9 0.67
FVNB15 0.02 24.5 1100.3 0.69

to FVNB7, but it decreases continually with further in-
crease in x up to 15. The linear relationship between
conductivity and reciprocal of temperature indicates that
the activation energy is independent of temperature.
As compared to the iron free glass FVNB0 the conductiv-
ity of iron containing x > 0 glasses decreases drastically
(by an order of magnitude) with the inclusion of Fe2O3

in the glass network (the average value of σ at 80 ◦C be-
ing is 0.08 µS/m). The prominent conduction mecha-
nism in V2O5 is due to electron hopping between V3+,
V4+, and V5+ states and in mechanism in Fe2O3 is due
to hopping in Fe2+, Fe3+ ions. Recently, Pietrzak et
al. [34] had studied the Li2O–FeO–V2O5–P2O5 system
by the Mössbauer spectroscopy and thermoelectric power
measurements to find the most prominent hopping centre
between iron or vanadium ions, which one is dominat-
ing the charge carrier transport in glass system. It has
been found that Fe2+/Fe3+ ratio does not have major
influence on electronic conductivity possessed by dom-
inating V4+/V5+ hopping sites. Similar phenomenon
is observed in conduction processes of presently pre-
pared glass systems. With the increase in Fe2O3 content
and consequent decrease in V2O5 content, the decrease
in electrical conductivity implies that V4+/V5+ ions in
the present glass system create structural changes such
that the charge carrier transport responsible for electrical
conduction in the glass network is hindered. This may
be translated to the increase in small polaron hopping
(SPH) range/distance and resistance to polaron orienta-
tion motion (both jump as well as frequency). Within
the iron containing glasses x > 0, the conductivity is
minimal for FVNB10 glass at 80 ◦C and for FVNB3 at
180 ◦C, whereas it is maximal for FVNB3 at 180 ◦C and
for FVNB15 at 180 ◦C. The total conductivity is due to
carrier hopping in both types of ions, i.e., iron (less dom-
inating) and vanadium (more dominating). Here, iron
ions is replaced by more conducting vanadium ions, which
results into the decreasing trend of electrical conductivity
values [35].

Also the reduction in vanadium content may cause
gradual reduction of conductivity if conduction due to
electronic hopping V4+ ⇐⇒ V5+ is envisaged due to ex-
pected increase in V–V distance with x. But the abrupt
decrease in conduction upon replacing V by small amount
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of Fe does not support this mechanism, too. Therefore,
the conduction appears to be through the charge gener-
ated on the non bonding oxygens (NBOs) in the glass
network through small range polaron hopping (SRPH)
mechanism. The average activation energy for the iron
containing glasses (i.e., x > 0) is 0.7 eV which may be
assumed to be same for all the iron containing glasses
FVNBx (x = 2, . . . , 15) yet the conductivity of FVNB15
at 180 ◦C appears to be approaching the value of conduc-
tivity of iron free FVNB0 glass. This observation can be
explained by the assumption that the small range polaron
hopping (SRPH) frequency increases in the iron contain-
ing glasses as the temperature is raised. An increase in
SRPH frequency at higher temperatures is justified due
to available thermal excitation.

3.6. AC conductivity
Figure 10a shows the frequency dependence of AC con-

ductivity σac for FVNB0, FVNB5, and FVNB15 compo-
sitions at T = 200 ◦C and Fig. 10b shows the frequency
dependence of σac for FVNB5 at different temperatures.
These are taken as representative cases since other sam-
ples also show similar trends. At lower frequency, con-
ductivity is low and is almost independent of frequency.
This is explained on the basis of space charge polarisation
effect which is responsible for the large bulk resistance at
lower frequencies. As a consequence, a plateau region
is obtained (see Fig. 10), which shows the frequency in-
dependent part of conductivity or the absolute value of
impedance. With further increase in frequency, disper-
sion at higher frequencies (in MHz range) has been ob-
served at all the temperatures and in all the samples stud-
ied in this work. The dispersion at higher frequency shifts
towards higher frequencies with an increase in tempera-
ture. Further, the conductivity spectrum has found [36]
to obey the Jonscher power law (JPL) of the AC conduc-
tivity in glasses, which is mathematically written as

σ = σ0 +A1(f)s1 +A2(f)s2. (6)
Here, σ0 is the conductivity at limiting zero frequency
(termed as frequency independent DC component of con-
ductivity), A1 and A2 are constants, and s1 and s2
are the characteristic temperature dependent parame-
ters. The power law exponents s1 and s2 (lies in the range

Fig. 10. Variation of σac vs. log(f) [Hz] for (a) com-
positions FVNB0, FVNB5 and FVNB15 at temperature
200 ◦C, (b) FVNB5 at different temperatures.

TABLE V

Dielectric parameters and AC electrical conductivity of
FVNBx glasses at 200 ◦C and at 5 MHz.

Sample ε′
ε′′

(×10−2)
tan(δ) M ′ M ′′

σac [µS/m]
(at 5 MHz)

FVNB0 0.17 0.19 0.11 5.920 0.67 5.25
FVNB2 0.05 0.12 0.23 17.50 3.99 3.45
FVNB3 0.05 0.06 0.12 19.13 2.27 1.70
FVNB5 0.03 0.06 0.16 28.67 4.67 1.54
FVNB7 0.07 0.03 0.04 13.69 0.61 0.91
FVNB10 0.13 0.04 0.03 7.50 0.21 1.03
FVNB15 0.13 3.30 0.26 7.33 1.88 9.15

0 < s1, s2 < 1) represent the degree of interaction be-
tween the mobile ions [37]. The AC conductivity val-
ues at T = 200 ◦C and frequency 5 MHz for all pre-
pared compositions are reported in Table V. The ob-
served trend of change of σac values is due to hindrance
offered by mixed effect of iron and vanadium ions which
further results into the polaronic conduction in prepared
glasses [36]. It can be observed that σac increases with
increase in temperature, which is possibly due to deple-
tion of space charge effect and thermally activated hop-
ping of charge carriers [38–40]. It is quite interesting to
note that the value of frequency independent conductiv-
ity measured at 1 kHz at 200 ◦C for iron containing x > 0
glasses is ≈ 0.07 µS/m, which is very near to the average
DC conductivity (≈ 0.08 µS/m) calculated for prepared
glasses at 80 ◦C (as shown in Fig. 8).

4. Dielectric properties

4.1. Dielectric loss

The variation of dielectric constant (ε′) as a function
of frequency at T = 200 ◦C is illustrated in Fig. 11a.
For all the prepared compositions variation of ε′ with
frequency is not significant except in case of FVNB5
(shown in Fig. 11b). The frequency dependence of di-
electric loss ε′′ is shown in Fig. 12a, as a function of
composition x, while in Fig. 12b the temperature depen-
dence of ε′′ for FVNB5 is shown. Various polarization
mechanisms in dielectrics are: (i) electronic, (ii) ionic,
(iii) dipole orientation/deformation in polar dielectrics,
and (iv) migrational/space charge polarization [27].
The contribution of electronic polarization is negligible
as compared to the other contributions due to ionic po-
larization and in non-polar dielectrics the main contribu-
tion comes from the last mechanism. The ionic polariza-
tion is frequency independent up to far IR frequencies.
However, the orientation/deformation polarization and
the migrational/space charge polarization are frequency
dependent and usually decrease at higher frequencies.
The ionic polarization is temperature independent but
the orientational and the migrational polarizations are
temperature dependent and while the former is expected
to decrease due to thermal agitation the later is expected
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Fig. 11. Variation of ε′ vs. log(f) [Hz]: (a) different
compositions at 200 ◦C, (b) FVNB5 at different tem-
peratures.

Fig. 12. Variation of ε′′ vs. log(f) [Hz]: (a) different
compositions at temperature 200 ◦C, (b) FVNB5 at dif-
ferent temperatures.

to increase with the rise in temperature. Study of litera-
ture [17, 18, 27, 28, 33, 38–40] suggests that in dielectric
permittivity ε∗ of a sample is due to (i) rotation of ions
around their negative sites and (ii) short range dipole
transport (hopping).

Analysis of ε′ and ε′′ shows that both the parameters
have higher values at lower frequencies and the values be-
come very small (frequency independent) at higher fre-
quencies which is a signature of migration polarization
in non-polar dielectrics. At lower frequencies, the space
charge accumulation occurs at the electrolyte (glass)–
electrode interface, which does not permit further trans-
fer of the ions through the dielectric. At the higher fre-
quencies, the periodic reversal of electric field occurs and
the polarization due to accumulation of charge decreases
and causes a decrease in the values of ε′ and ε′′ with
the increase in frequency [37–41]. The variations of ε′
and ε′′ as a function of frequency for FVNB5 at different
temperatures are shown in Fig. 11b and Fig. 12b, respec-
tively. The effect of temperature change is significantly
observed at lower frequencies on ε′ and ε′′. At lower fre-
quencies, the value of ε′ and ε′′ increases with tempera-
ture whereas at higher frequencies, variation in ε′ and ε′′
has been found more or less independent of temperature
and frequency. This occurs due to weakening of bonds

Fig. 13. Variation of tan(δ) vs. log(f) [Hz]: (a) dif-
ferent compositions at 200 ◦C, (b) FVNB5 at different
temperatures.

and an increase in thermal agitation that causes a dis-
turbance in the orientational vibrations of the molecular
groups in glass network. Therefore, space charge polar-
ization decreases with increase in temperature [39].

4.2. Loss tangent (tan(δ))

Figure 13a shows the frequency dependence of dielec-
tric loss tangent (tan(δ)) for all the prepared FVNBx
compositions. The variation of tan(δ) with frequency at
constant temperature exhibits similar trends as for ε′′
which could be due to the fact that as the frequency in-
creases, the polarizability contribution from ionic and ori-
entation sources decreases and finally disappears due to
their inertia. Figure 13b shows the frequency dependence
of dielectric loss tangent for FVNB5 at different temper-
atures. The dielectric loss is seen to decrease for x = 7
and x = 10 as compared to other glasses. The variation
of dielectric parameters upon changing the Fe/V con-
tent verifies the structural changes in the glass networks
although no regular trend is visualized.

4.3. Modulus formalism

To analyze the relaxation data, we often need to rep-
resent the dielectric as a combination of pure resistances
and capacitances and the manner of their connection
is assumed. Relaxations in such circuits can proceed
through two independent processes known as serial
and parallel processes. Macedo et al. [40] proposed on
the basis that impedances are additive in a series process
and used electrical modulus, M∗ = 1/ε∗, as appropriate
parameter for the analysis of conductivity relaxation.
Therefore, M∗ is also resolved into real and imaginary
parts as

M∗ =
1

ε∗
=

ε′

(ε′)2 + (ε′′)2
+

ε′′

(ε′)2 + (ε′′)2
. (7)

Redefining Eq. (3) by using εs to represent fre-
quency independent dielectric constant and introducing
τσ = ε0εs/σ0 and Ms = 1/εs, we come to the relation
M∗ = M ′ +M ′′, written as

M∗ = Ms

(
iωτσ

1 + iωτσ

)
= Ms

(
(ωτσ)2 + iωτσ

1 + (ω τσ)2

)
. (8)
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Fig. 14. Variation of M ′ vs. log(f) [Hz] for (a) com-
positions FVNB0, FVNB5 and FVNB15 at temperature
200 ◦C, (b) FVNB5 at different temperatures.

Fig. 15. Variation of M ′′ vs. log(f) [Hz]: for (a) com-
positions FVNB0, FVNB5 and FVNB15 at 200 ◦C, (b)
FVNB5 at different temperatures.

In Eq. (8), τσ is known as conductivity relaxation time
and is used to represent electric field decay in an ionic
glass as E = E0 exp(−t/τσ). It suggests that in the lim-
its ωτσ � 1 and ωτσ � 1, M ′ becomes zero and 1/εs,
respectively and so asM ′′. But at ωτσ = 1,M ′′ gives rise
to a peak which is called a relaxation (resonance) peak.

The variation of real parts of the electric modulus M ′
and imaginary parts of the electric modulus M ′′ as a
function of frequency for FVNB0, FVNB5, and FVNB15
at 200 ◦C are shown in Fig. 14a and Fig. 15a, respectively.
The variation ofM ′ and ofM ′′ as a function of frequency
for sample FVNB5 at various temperatures are shown in
Fig. 14b and Fig. 15b, respectively. The electric mod-
ulus M ′ profile in Fig. 14 shows that the curve almost
tends to zero in the low frequency range and it is due
to the suppression of electrode polarization. At higher
frequencies, in turn, it reaches M ′∞ because of relaxation
process over a range of frequencies. Also the variation of
M ′ shows that M ′ becomes almost constant at higher
frequencies. The zero value of M ′ at low frequencies
marks the non-existence of restoring force for the flow
of charge carriers. The shape of M ′′ curve in Fig. 15
is broader than ideal Debye curves and asymmetric in
nature. The maximum in the imaginary part of the
electric modulus M ′′ shifts to higher frequencies with

Fig. 16. Nyquist diagrams vs. Rs for (a) compositions
FVNB0, FVNB5 and FVNB15 at 200 ◦C, (b) FVNB5
at different temperatures.

increase in temperature, which shows that the number of
charge carriers increases by thermal activation achieved
through phonon absorption. The peak frequency cor-
responding to M ′′max corresponds to relaxation time τσ,
which satisfies the Arrhenius law. The smaller value
of M ′′ at low frequencies indicates negligible contribu-
tion of electrode polarization to the electric modulus.
Two apparent relaxation regions appear above and below
M ′′max, the low frequency region (f < fm) determines the
range in which charge carriers are mobile over long range
distance, whereas in high frequency region (f > fm),
the charge carriers are confined to potential well, being
mobile on short distances and associated with the re-
laxation polarization process [27, 42–44]. An effective
interaction between charge carriers establish correlation
between ions and governs non-bridging oxygen sites in
the glass. This is possibly the prime cause of appear-
ance of the non-Debye conductivity relaxation in glass
compositions under study.

4.4. Impedance spectroscopy

The Nyquist plots [25] for FVNB0, FVNB5, and
FVNB15 at 200 ◦C are shown in Fig. 16a. The impedance
data analysis shows that a single semicircle arc is present
in all the prepared compositions and there is no resid-
ual semicircle at lower frequency, which attributes to
the single conduction mechanism [43, 44]. The centre
of each semicircle is observed to be depressed below Rs
axis which indicates that the associated relaxation of ions
is non-Debye in nature [19, 37]. From analysis, the semi-
circle arcs passing through the origin of impedance plots
and the intercept at lower frequency on the Rs axis give
bulk resistance Rb. The value of Rb is highest for FVNB0
(i.e., 0 mol% of Fe2O3). With increase in concentration of
Fe2O3, the value of Rb first decreases and then increases,
i.e., a non-linear variation of Rb is observed, which indi-
cates the mixed effect of iron and vanadium in the glassy
matrix. The Nyquist plots for FVNB5 at different tem-
peratures are shown in Fig. 16b. A single semi-circle in
these plots indicates a single conduction mechanism in
the FVNB5 sample. The depression of the semi-circle
in these plots on the real axis shows that the relaxation
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mechanism is non-Debye in nature. The intercepts on
the real axis corresponding to zero value of the imagi-
nary axis in the Nyquist plot gives us the bulk resistance
of the sample excluding the polarization effects [27, 44].
The values of bulk resistance were found to decrease
with increase in temperature and hence DC conductiv-
ity of the sample increases with increase in tempera-
ture depicting the semi-conducting nature of the sample
under study.

5. Conclusion

The structural, physical, and electrical properties of
xFe2O3 + (30 − x)V2O5 + 30Na2O + 40B2O3 (abbre-
viated as FVNBx), where x = 0, 2, 3, 5, 7, 10, and 15,
have been studied by XRD, density measurement, FTIR,
dielectric, and AC and DC electrical conductivity mea-
surements. Density D of the glass samples increases
and molar volume Vm decreases with the replacement
of V2O5 by Fe2O3 content by mole fraction x. This is at-
tributed to the decrease in NBOs due to the conversion
of trigonal BO3− structural units into BO4− tetrahedral
and higher oxygen coordination units (pyro- and ortho-
borates/vanadates) indicating the increase in compact-
ness of the glass network structure. The marginal de-
crease in the theoretical optical basicity Λth is indicative
of the decrease in ability of oxygen to donate electron.
No boroxol rings formation were observed in the structure
of these glasses. This suggests that glasses under study
consist of randomly connected M–B–O groups, where
M=O/Fe/V/Na.

The FTIR spectra and thermal analysis of the present
glass systems indicate that Fe2O3 acts both, as a glass
former and as a glass modifier. It is observed that
the thermal cum chemical stability of the glasses is in-
creased by higher concentrations of iron. Therefore,
the higher iron contents makes the glass network more
and more stable, by participating into the glass network
formation.

The temperature dependence of DC conductivity con-
firms the semiconducting nature of the electrical conduc-
tion. Typically, the SRPH mechanism is attributed to
the electrical conduction. Iron free glass shows a higher
conductivity as compared to iron containing x > 0 glasses
under study. The increase of NBOs resulted in hindrance
to the SRPH. Mixed effect of iron and vanadium ions
was identified through the variation of AC and DC con-
ductivity. It was confirmed that the glasses behave as
non-polar dielectrics. Average σac (at 1 kHz and 200 ◦C)
is ≈ 0.07 µS/m, which is comparable to the average DC
conductivity at 80 ◦C (σav ≈ 0.08 µS/m) for iron contain-
ing glasses (i.e., x > 0). The average activation energy
Wav is ≈ 0.70 eV for iron containing glasses (i.e., x > 0).
The DC conductivity at 180 ◦C increases consistently
with the increase in x and tends to overshoot the con-
ductivity of FVNB0 glass.
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