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The effect of Fe on the structure and electrical
conductivity of sodium borosilicate glasses

A. Ci
:
zman, *a E. Rysiakiewicz-Pasek,a M. Krupiński,b M. Konon,c T. Antropovac

and M. Marszałekb

We report the synthesis and characterization of iron-bearing sodium borosilicate glasses with an Fe2O3

content lower than 10 mol%. Using Mössbauer spectroscopy we demonstrate that Fe ions most

probably have a tetrahedral oxygen environment for an iron oxide content higher than 5 mol%.

Additionally, the Mössbauer results along with the X-ray diffraction studies indicate the formation of

magnetite nanoclusters. The electrical conductivity of iron-containing sodium borosilicate glasses is

studied over a wide temperature range. The impact of iron content on the dielectric permittivity and

electrical properties is discussed. Finally, ionic conduction is identified in the high temperature region

and its physical origin is explained. A similar activation energy of the dc conductivity and the activation

energy of the electrical relaxation suggest that both the relaxation and conduction processes can be

ascribed to the same type of entities.

Introduction

The oxide glasses containing transition metal ions have been widely
studied since the 1950s,1,2 owing to their potential applications
in the fields of electrical memory switching, optical fibres, and
materials for cathodes.3 This specific interest is primarily due to
the possibility of controlling the electron transport properties by
embedding iron atoms. This may even result in expansion of the
application range. Most of the studies reported in the literature
presented the properties of durable single-iron phosphate
glasses and mixed-alkali glasses4–6 with high thermal expansion
coefficients and low melting temperatures. An extensive inves-
tigation of the structural, thermal and dielectric properties of
phosphate glasses containing various amounts of Fe2O3 showed
a considerable increase in the electronic conductivity caused by
iron ions existing in two different valence states, which resulted
in either ionic or hopping conductivity mechanisms.7–9 For such
a system, the electronic properties can be widely modified by
temperature, iron content, and the average distance between
iron ions in glass.10–12

Sodium borosilicate (SBS) glasses belong to a large glass
family with a wide variety of applications. Owing to their low
thermal expansion coefficient, low dielectric constant, relatively

high electrical resistivity, good chemical stability and high
chemical resistance, SBS is used in microelectronics10,11 and
as a host material for porous matrices with controlled porosity.12,13

Such porous glasses are known to be the basis for many composite
materials.14,15 The structure of SBS glasses can be considered as a
three-dimensional network of corner-connected [SiO4/2] tetrahedra
and three- and four-coordinated boron forming the [BO3/2] and
[BO4/2] boron–oxygen groups.16,17 It was reported that addition of
iron oxide as the network modifier or the glass-former involved the
conversion of the [BO4/2] boron–oxygen tetrahedral group to
triangular BO3 structural units, thus resulting in a decrease in
the polymerisation degree of the [SiO4/2] tetrahedral group.18

Moreover, Fe2+ cations that are predominantly in the sixfold
coordination occupy interstitial sites near the trigonal boron–
oxygen groups, whereas Fe3+ ions are four-coordinated and appear
to substitute a silicon. It was observed that the redox equilibrium
Fe3+ # Fe2+ in the glass melt depended on the melt temperature,
its cooling rate, the gas composition in the furnace as well as the
melt composition.18 SBS glass modified in this way is widely used
as a nuclear waste form,19–21 also in medicine for a targeted
magnetite crystallization,22 and it is considered as a system for
the production of semiconducting fibres23 as well. Although much
effort has been devoted to the study of the structural, dielectric and
optical properties of various oxide glasses containing Fe2O3 as a
glass former,1–12 insufficient studies have been carried out on SBS
glasses doped with Fe2O3. In fact, the presented results on the
physical properties of sodium borosilicate glasses doped with a
low content of Fe2O3 have not been reported so far.

Our goal in this work was to investigate the influence of iron
ions on the electrical conductivity and dielectric properties of
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50 – 370 Wrocław, Poland. E-mail: agnieszka.cizman@pwr.edu.pl
b Institute of Nuclear Physics, Polish Academy of Sciences, Radzikowskiego 152,

Kraków, Poland
c Grebenshchikov Institute of Silicate Chemistry, Russian Academy of Science,

Nab.Makarova 2, Saint Petersburg, Russia

Received 30th March 2017,
Accepted 2nd August 2017

DOI: 10.1039/c7cp02042b

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
1/

6/
20

25
 1

:2
0:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-8906-4080
http://crossmark.crossref.org/dialog/?doi=10.1039/c7cp02042b&domain=pdf&date_stamp=2017-08-18
http://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7cp02042b
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP019034


This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 23318--23324 | 23319

the iron-doped SBS system. The glass structure was studied by
X-ray diffraction. In order to infer the redox state of iron and its
local environment, we employed 57Fe Mössbauer spectroscopy.
The main part of the presented investigation of the interesting
physical properties is oriented towards future applications in
areas of multiferroic elements, optics, nanoelectronics, sensors,
biotechnology and medicine. Nanoscale multiferroic elements
based on magnetic porous matrices with different shapes and
sizes of pores can have totally different magnetic and electric
properties. For industrial applications, stable states, well-controlled
switching behaviour, and small dependence on size variations are
highly desirable. Understanding and controlling these properties
of the nanoscale multiferroelectric elements requires thorough
investigation of SBS glasses with a low iron content in order to
preserve the dielectric properties of porous glass matrices.

Experimental details
Synthesis procedures

The glasses were synthesized with constant Na2O and SiO2

contents of 8 and 70 mol%, respectively, and with x (= 3, 4, 6
and 10) mol% of Fe2O3 added to each (22 � x) mol% of boron
oxide according to the procedure described in ref. 24. The glass
charge for each composition was prepared from analytically
pure reagents. Na2CO3 of ultra-high purity grade and H3BO3

and Fe2O3 of reagent grade were used. SiO2 was introduced into
the charge as ground quartz glass. The reagents were melted in
a platinum crucible at 1500–1520 1C in a silt furnace in air for
2–3 h. After pouring the melts onto a heated metal plate, the
obtained glasses were annealed in a muffle furnace at 520 1C
for several minutes and then cooled down to room temperature.
Pure SBS glass (without Fe2O3 addition) was melted under
industrial conditions. In order to initiate the phase separation
process, the glasses were heat treated at 550 1C for 144 h.
According to TEM data, all glasses have interconnected phase-
separated structures,24 which means that these compositions
can be potentially suitable for making porous glasses.

X-ray diffraction (XRD)

XRD measurements were performed with aid of a two-circle
laboratory diffractometer (PANalytical X’Pert PRO) using the
standard y�2y geometry. The Cu Ka line at 1.54 Å was used and
the radiation was converted into a beam by an incident beam
optics with 0.51 divergence slit, and 0.04 rad Soller slit collimator.
The diffracted beam path was equipped with an anti-scatter slit
and 0.04 rad Soller slit collimator. The signal was collected using
a solid-state stripe detector with a flat graphite monochromator.
All XRD patterns were recorded at 2y angles ranging from 10 to
140 deg, with an instrumental step of 0.051 and a counting time
of 10 minutes for each point.

Mössbauer spectroscopy
57Fe Mössbauer measurements were performed in transmission
geometry at room temperature using an B100 mCi activity
57Co/Rh source. The velocity scale was calibrated using an iron

foil absorber at room temperature and the isomer shifts are
given relative to a-Fe. Spectra were analysed using the Recoil
v.1.03a software package with the Rancourt and Ping Voigt-
based fitting method.25

Dielectric spectroscopy

The dielectric measurements were carried out using the Novocontrol
Alpha Impedance Analyzer. The samples were cut in parallel-flat
plate-shaped forms with an average size of 10 � 10 � 0.5 mm. The
samples were placed between two copper flat electrodes. The
temperature was controlled using the nitrogen gas cryostat with
stability higher than 0.1 K. The temperature dependences of the
dielectric permittivity and the conductivity were measured between
300 and 600 K with an applied voltage of 1 V. The dielectric
spectra were measured in the frequency range of 1 Hz to
10 MHz. Before each measurement, the samples were heated
up to 400 K for two hours to remove the residual water adsorbed
in the sample.

To obtain two glassy phases, the studied glasses were heat-
treated at a temperature above Tg (T = 550 1C) for 144 hours,
which is sufficient to reach the phase equilibrium. The Tg

values of the studied glasses are in the range 500–504 1C.24

These values correspond to the glass transition interval of the
low-melting boron-rich phase. Thus, in the studied glasses, the
equilibrium structure, corresponding to the heat treatment
temperature (550 1C), is frozen (stabilized). In our experiments,
the maximum temperature for measuring the dielectric permittivity
and the conductivity did not exceed 600 K (327 1C), that is, it was
significantly lower than both the Tg values and the isothermal heat
treatment temperature T, which had no effect on the structure of the
phase-separated glasses under study.

Results and discussion
XRD results

Table 1 shows the as-analysed glass compositions of 8Na2O–
(22 � x)B2O3–70SiO2–xFe2O3, 3 r x r 10 (mol%), while the
XRD patterns obtained for the samples containing iron are
shown in Fig. 1.

In all cases, the peaks corresponding to the crystalline
magnetite phase appear. Additionally, the broad peak at a position
of about 23 deg is visible. It originates from the amorphous phase

Table 1 Chemical glass compositions of xFe2O3–8Na2O–(22 � x)B2O3–
70SiO2. The number following ‘‘Fe’’ in the sample code corresponds to the
Fe2O3 content in as-analysed mol%. The composition of SBS glass without
Fe2O3 additives is given according to ref. 26. It should be noted that SBS
glass has traces of Al2O3 which could be introduced into the glass melt
from the refractory at industrial melting

Sample code

Composition (as-analyzed mol%)

SiO2 B2O3 Na2O Fe2O3 FeO Al2O3

SBS 74.93 18.28 6.73 — — 0.06
SBS-Fe3 71.08 18.38 7.09 2.76 0.69 —
SBS-Fe4 71.26 17.17 7.31 3.23 1.04 —
SBS-Fe6 70.09 15.72 7.13 4.76 2.30 —
SBS-Fe10 68.79 11.83 7.07 7.13 5.18 —
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of glass and its intensity is similar to that of all samples. In
contrast, the intensities of the peaks arising from the magnetite
phase change and increase with increasing amounts of Fe2O3

introduced into the glass during the synthesis.

Mössbauer spectroscopy

Mössbauer spectra collected for the samples containing iron
are presented in Fig. 2.

For the description of the spectra, the best fitting was
achieved by using four Mössbauer components: two sextets
and two quadrupole doublets. The mean values of the fitted
parameters together with the ratio of the integral peak intensities
of the electrical quadrupole splitting A�/A+ and the ratio of the
corresponding lines of Zeeman splitting A2/A3 are given in
Table 2. The ratio of the lines A1/A3 was fixed for all magnetic
sites and is equal to 3. The isomer shifts, fitted to all spectra, were
corrected according to the used source. The main component in

all Mössbauer spectra is a strong quadrupole doublet originating
from iron atoms in the Fe(1) site. Such a doublet with a similar
isomer shift and quadrupole splitting was already reported for
sodium borosilicate glasses27,28 and it corresponded to the high
spin Fe3+ ions (S = 5/2). The isomer shift for the samples with the
highest iron content suggests a tetrahedral oxygen environment
of Fe(1) sites,28–30 while for samples SBS-Fe4 and SBS-Fe3 the
mean centre shift decreases which indicates a lower coordination.
A high electric quadrupole shift of about 0.9 mm s�1 for this
component indicates a significant distortion of the Fe3+On

polyhedra in the glass structure, which induces a large electric
field gradient on the 57Fe nuclei of spherically symmetric Fe3+

cations.27 The low intensity doublet related to Fe(2) sites corre-
sponds to the Fe2+ ions (S = 2) with parameters similar to those
reported in ref. 27. As in the case of Fe(1), the mean centre shift
slightly decreases with decreasing iron content, which suggests
an evolution toward lower coordination.28

The presence of two Zeeman sextets for Fe(3) and Fe(4) sites
in the Mössbauer spectra (which can be assigned to the magnetite
phase) can be well correlated with the magnetite peak widths from
the XRD patterns. In the case of the sample with the highest iron
content (SBS-Fe10), the magnetite peak widths are the smallest,
resulting in sharp and well-defined Zeeman lines with IS, Bhf, and
QS being very close to the parameters known for iron ions in the
bulk magnetite at room temperature.31 The profile of the Zeeman
sextets for the samples with a low Fe content (SBS-Fe4 and SBS-
Fe3) exhibiting wider XRD peaks and smaller magnetite crystallites
indicates the inhomogeneous and disturbed environment of
the iron cations. The distribution of the magnetic moment of
individual magnetite grains resulted in a decrease in the mean

Fig. 1 XRD patterns for the xFe2O3–8Na2O–(22 � x)B2O3–70SiO2 glasses.
The vertical offsets were used for clarity. The positions of reflections for the
bulk magnetite are indicated.

Fig. 2 Mössbauer spectra were recorded for the samples containing iron.
Different regions on the graphs represent contributions from the different
sites.

Table 2 Mössbauer hyperfine parameters for the SBS samples. c is the
percentage site fraction, Bhf is the magnetic hyperfine field, and IS is the
isomer shift. QS stands for the electric quadrupole shift in the case of
magnetic sites or for quadrupole splitting in the case of paramagnetic sites.
A�/A+ is the ratio of the integrated peak intensities for QS, whereas A2/A3 is
the ratio of the second (fifth) to the third (fourth) peak intensities for
Zeeman splitting. The widths of the hyperfine parameter distributions are
shown in square brackets

Sample Site c [%] Bhf [T] IS [mm s�1] QS [mm s�1] A�/A+ or A2/A3

SBS-Fe10
Fe(1) 33.1 — 0.22 0.94 [0.48] 1.72
Fe(2) 5.9 — 2.27 0.76 [0.32] 0.55
Fe(3) 37.0 45.8 [0.5] 0.68 0.0 2.16
Fe(4) 24.0 48.7 [0.1] 0.27 0.0 2.29

SBS-Fe6
Fe(1) 79.8 — 0.21 0.93 [0.55] 2.10
Fe(2) 20.2 — 2.16 0.91 [0.33] 0.43

SBS-Fe4
Fe(1) 57.6 — 0.18 0.93 [0.50] 2.09
Fe(2) 7.9 — 2.16 0.91 [0.33] 0.50
Fe(3) 23.0 43.1 [0.6] 0.67 0.0 2.0
Fe(4) 11.5 46.5 [0.2] 0.21 0.0 2.0

SBS-Fe3
Fe(1) 61.7 — 0.11 0.91 [0.50] 1.72
Fe(2) 14.7 — 2.05 0.87 [0.34] 0.55
Fe(3) 12.6 45.2 [0.6] 0.59 0.0 2.0
Fe(4) 11.0 47.8 [0.2] 0.16 0.0 2.0
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hyperfine fields and in a broadening of the lines. In contrast to
these results, the Mössbauer spectrum for the SBS-Fe6 sample
did not show magnetic hyperfine interactions. This can be
explained by a very small grain size in this sample (approx.
8 nm as calculated using the Scherrer equation32,33), which
entails the continuous fluctuation of the magnetic moments of
each magnetite cluster related to superparamagnetic effects. In
such a case, if the relaxation time of the superparamagnetic
particle is greater than the lifetime of the excited nucleus, it
experiences an average zero field only and Zeeman splitting
cannot be observed.34

Electrical results

The complex permittivity e* can be expressed as e* = e0 � je00,
where e0 and e00 denote the real and imaginary parts of the electric
permittivity, respectively. In Fig. 3 the frequency dependences of
the real part of the electric permittivity of SBS-Fe4 glass at various
temperatures are depicted. The real part of the electric permittivity
e0 gradually increases with increasing iron concentration (inset (a)
in Fig. 3). Moreover, for all glasses doped with iron ions, the
electric permittivity decreases with increasing frequency. It can be
noticed that e0 approaches a constant value at high frequency,
most probably due to the polarization process occurring in
glasses.35,36 The rapid increase of e0 with decreasing frequency
is mainly caused by the effect of mobile ion polarization.

The frequency dependences of the dielectric loss tan d for
the SBS-Fe4 sample at various temperatures are shown in Fig. 4.
The maximum dielectric loss shifts toward higher frequency
with increasing temperature, indicating a thermally activated
behaviour.

A similar frequency dependence of the electric permittivity
and the dielectric loss tan d was found for all glasses. The
increase in e0 is attributed to an increase in the Fe content, and
it is expected to be a result of the conduction and polarization
coupling into a single process. The temperature dependence
of the real part of the conductivity on the frequency f on a

logarithmic scale (where f = o/2p and o is the angular frequency) is
shown in Fig. 5 for SBS-Fe10 glass.

For all investigated samples, the curves have a similar shape
which is typical for amorphous materials. For all samples, the
conductivity dependence observed for high frequency follows
the Jonscher power law. For our glass systems, in order to
obtain the dc conductivity, e00 (1/o) data have been fitted.9 The
temperature dependences of the dc conductivity are shown in
Fig. 6 for all samples.

The observed dependence obeys a simple Arrhenius formula
sDC = s0 exp(�EDC/kBT), where s0 is the pre-exponent, EDC is the
activation energy for dc conductivity, T is the temperature and
kB is the Boltzmann constant. For each glass in the present
study, the activation energy (EDC) was determined from the
slope of log sDC vs. reciprocal temperature (1/T) as shown in
Fig. 6. The values of the activation energy EDC are collected in
Table 3 for all samples.

The electrical conductivity in sodium borosilicate glasses is
related to the transport of sodium ions through the glass
network. It is stated that because of heat treatment of the
investigated glasses, the sodium ions are present mainly in the
sodium-borate phase. In borate glasses, the Na ions are bound
to the BO4

� groups. The results of the chemical durability

Fig. 3 Frequency dependences of the real part of the electric permittivity
e0 at selected temperatures for SBS-Fe4 glass. Inset (a) shows the frequency
dependence of the real part of the electric permittivity at 300 K for
Na2O–B2O3–SiO2–Fe2O3 glasses (Fe2O3 content is indicated). Inset
(b) shows the variation in the real part of the electric permittivity at 1 kHz
with Fe2O3 concentration evaluated at selected temperatures.

Fig. 4 Frequency dependences of the dielectric loss tan d at selected
temperatures for SBS-Fe4 glass. The data are connected as a guide to the
eye.

Fig. 5 Temperature dependence of the conductivity, s, at several temperatures
for SBS-Fe10 glass. The data are connected as a guide to the eye.
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investigation of these glasses indicate that most of the iron ions
are allocated at the sodium-borate phase. It is obvious that both
sodium and iron ions contribute to the electrical conductivity
in iron-containing alkali borosilicate glasses. The electronic
conductivity is considered as the polaron hopping between the
iron ions. All the glasses under investigation contain the same
concentration of sodium ions; therefore the number of carriers is
the same. The increase in the dc conductivity and the activation
energy with increasing Fe content is related to the presence of Fe
and its influence on the structure of the investigated glasses. The
addition of iron ions to the sodium borosilicate network reduced
the amount of four-coordinated boron (BO4/2) and increased the
amount of three-coordinated boron (BO3/2).18 The structural
reorganization of iron-SBS glasses is probably caused by the
competition between FeO4 and BO4 with a compensation of the
negative charge by the Na+ ions. At the same time, the number
of non-bridging oxygen atoms increases, which produces a
weakening of the SBS glass structure. Such structural changes
can have an important influence on the mobility of Na+. The Na+

mobility increases in the presence of non-bridging oxygen atoms.38

These changes can cause an increase in dc conductivity. On the
other hand, addition of iron oxide causes the formation of
[FeO4/2]�Na+ units.39 The increase of the Fe content causes the
increase of these units, where the Na+ ions are linked stronger
than those in the sodium-borate [BO4]�Na+ units. In our opinion,
this is the most probable reason why the dc activation energy
increases. It can be expected that for a constant concentration of
Na+ in the investigated glasses, the number of [FeO4/2]�Na+ units
increases with increasing Fe2O3/B2O3 ratio.

It is known that in ionic conducting glasses, the activation
energy is attributed to the Na+ ion transport. It is determined by
the average height of potential barriers. The main electronic
transport in these glasses is hopping through localized states.
These localized states can correspond to the gap states which
are attributed with structural defects. The value of dc activation
energy of 0.88 eV for SBS-Fe3 glasses is similar to that of about
0.85 eV for dc conductivity obtained for iron-free glasses (SBS
sample). This suggests that the conduction mechanism in the
investigated glasses is ionic, and the dc activation energies
are described by the sodium ion transport through the glass
network.

The total conductivity is given by the empirical form that is
expressed as st(o) = sDC(o) + sAC(o), where st(o), sDC(o) and
sAC(o) have typical meanings. For the investigated glasses, the
values of ac conductivity sAC were obtained by subtracting the
dc conductivity from the total conductivity. The glass systems
presented in this paper, have not been considered till now that
occurs more because of very difficult glass network, the full
structure of these systems is not accessible now. One of the
probable scenarios of reduction of Eac with increasing Fe
concentration is that the doping of Fe in the SBS glass network
leads to an increase in the number of glass network defects. As
the iron content is increased, the number of defects increases.
The reduction of the ac activation energy can be related to the
trapping on the defects. As the iron content is increased, the
number of defects also increases. The frequency dependence
of sAC(o) at various temperatures is shown in Fig. 7 for
SBS-Fe10 glass.

The observed changes are typical for an amorphous material
and usually follow the power law relation sAC = A�os, where s
represents the temperature-dependent degree of an interaction
between the mobile ions and generally varies between 0 and 1.
The exponent s was calculated for selected temperatures from
experimental data by means of linear data fitting.

The fitted value of the exponent s is shown in Fig. 8 for
several temperatures. The relative errors are smaller than the
given tolerance. It can be seen that s increases with decreasing
temperature from approximately 0.51 to approximately 0.68.
The temperature behaviour of the s exponent can be useful to

Fig. 6 Temperature dependence of the dc conductivity, sDC, for various
glass compositions. The solid lines represent the least-square fitting. Inset
shows the variation of the s0 with the concentration of Fe2O3.

Table 3 Activation energies EM, EDC, and Eac and the relaxation time ts at
400 K for the iron–sodium borosilicate glasses

Glass
Eac [eV]
f = 10 kHz �0.5% EM [eV] �0.5% Edc [eV] �0.5% ts [s]

SBS-Fe10 0.38 0.96 0.97 0.024
SBS-Fe6 0.46 0.94 0.94 0.023
SBS-Fe4 0.54 0.90 0.90 0.016
SBS-Fe3 0.57 0.89 0.88 0.004
SBS 0.60 0.90 0.85 0.003

Fig. 7 Frequency dependences of the ac conductivity, sAC, for the glass
containing 10 mol% of Fe2O3 (SBS-Fe10) at selected temperatures.
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clarify the conductivity mechanism in the material. It is known
that the decrease of s with increasing temperature is related to
the charge transport between the localized states attributed
to hopping over the potential barriers.37–40 For all glasses under
study, the s exponent obeys such a temperature-dependent
behaviour.

Electric modulus representation

The relaxation properties of glasses were analysed using the
complex electrical modulus formalism and the Kohlrausch–
Williams–Watts (KWW) decay function y(t) = exp(�(t/t)b), where
t is the time, t is the electric field relaxation time, and b is the
constant (0 o b o 1). The temperature dependence of the
imaginary part of the electrical modulus M00 obtained at various
temperatures is shown in Fig. 9 for sodium borosilicate glasses
doped with Fe2O3.

For all glasses, the peaks shift toward higher frequencies
with increasing temperature, while the shapes of the curves are
asymmetric, exhibiting non-Debye behaviour in the high-
frequency region. The broadness of the M00 curves remains
constant for all samples, which may imply the same activation
energy for all distribution components. An extra small peak in
the glass with the highest content of Fe is observed. As far as we
know, in this system it is difficult to enhance the Fe-SBS glasses

with higher iron concentrations. Until we obtain glasses with a
higher iron content, we can only assume that the extra-smaller
peak observed in SBS-Fe10 is related to the Fe content. Fig. 10
shows the temperature dependence of the relaxation frequency
obtained from the peak position of M00.

The relaxation time can be determined as the inverse of the
maximum modulus frequency ts = 1/(2�p�fM). The relative errors
are smaller than the given tolerance. For all glasses investigated
in the present work the activation energy can be described
using the Arrhenius equation fM = fM0�exp(�EM/kB�T), where EM

is the activation energy of the electrical relaxation, kB is the
Boltzmann constant and fM0 is the characteristic frequency. The
activation energy EM is almost identical to the activation energy
of the conduction process EDC, and this suggests that both
the relaxation and conduction processes may be attributed to the
same type of entities. The values of relaxation times ts for the
glasses measured at 400 K are shown in Table 3. The relaxation
time can be attributed to the time of jumps between two nearest
interstitial sites. The values of activation energies EM, ascribing
the motion of Na+, calculated from the fitting data, are presented
in Fig. 10 and are shown in Table 3.

Conclusions

In summary, we studied the structural and electrical properties
of iron-doped SBS glasses as a function of Fe2O3 content in
the system. We determined by means of X-ray diffraction and
Mössbauer spectroscopy that iron atoms occurred in two
phases: the magnetite nanocrystalline phase and the amorphous
glass matrix with a short-range order. Our dielectric and electrical
studies showed that the addition of Fe2O3 to SBS increased the
electrical conductivity, which was caused by structural changes in
the glass network. Additionally, a number of BO4/2 groups
dropped down with increasing Fe2O3 content. Simultaneously,
the formation of [FeO4/2]�Na+ groups was promoted, where Na+

ions were linked stronger than those in [BO4/2]�Na+. The iron
most likely acted as a network modifier, and the conduction
mechanism in the investigated range of temperature seemed to
be ionic rather than electronic. The value of s parameter obtained
for all examined glasses doped with Fe is typical for ionic

Fig. 8 Temperature dependence of the s parameter for the glasses with
various contents of Fe2O3.

Fig. 9 Frequency dependences of the electrical modulus M00 for SBS-Fe3
glass (a), SBS-Fe4 glass (b), SBS-Fe6 glass (c) and SBS-Fe10 glass (d) at
selected temperatures. The data are connected as a guide to the eye.

Fig. 10 Frequency dependences of the M00 peak on 1000/T for Na2O–
B2O3–SiO2–Fe2O3. The data are connected as a guide to the eye.
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conducting materials. Our purpose was to create ferromagnetic
glasses that exhibit both ferromagnetic and dielectric properties
at the same time, which requires a rather low content of iron.
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