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Abstract Transparent glass sample [50Li,B40;—50(SrO—
Bi,03;-Nb,05)] (mol%) was prepared by the melt-
quenching technique. The glassy nature of the as-prepared
sample was established by Differential scanning calorimetry
(DSC). Ferroelectric SrBi,Nb,Og (SBN) embedded in a 50 %
Li,B40; glass matrix was produced by heat-treating the as-
prepared sample at 874 K (HT874) for 6 h. The X-ray struc-
tural analysis showed that SrBi,Nb,Og crystallizes in the
orthorhombic (A2;am) with a=5.5104, 56=5.5096 and c=
25.0794 A. Infrared spectroscopy studies corroborate the ob-
servation of SrBi,Nb,Ogy phase formation. The dielectric
properties have been studied in the frequency range of
120 Hz to 100 kHz at various temperatures (300-815 K).
The high frequency dielectric constant (5;) shows a peak at
T, (743 K). The exponent n(T) and the coefficient A(T) in the
Jonscher’s expression were found to be minimum and maxi-
mum respectively at the Curie temperature (T,.). AC conduc-
tivity measurements for present sample were reported.

Keywords Strontium bismuth niobate - Ferroelectric - X-ray
diffraction - Dielectric properties

1 Introduction

Recently, Bismuth layer structured ferroelectrics have attracted
much attention because they have good structural stability,
high Curie temperatures, anisotropic characteristics, and prop-
erties suitable for use as memory devices [1, 2]. Bismuth layer
is reported to be paraelectric in nature while perovskite unit cell
structures are ferroelectric [3]. The general formula of layered
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perovskites is [Bizoz]z+ [An,anognH]z*, where A is in 12-
fold coordination, B is in 6-fold coordination and n is an
integer ranging from 1 to 5 [4]. SBN (SrBi,Nb,Oy) is an n=
2 member of the Aurivillius family of the layered ferroelectric
oxides [4]. SrBi,Nb,Og (SBN) has attracted much scientific
attention due to their fatigue-free properties that make them
potentially suitable candidates for application in the nonvola-
tile ferroelectric random access memory (FE-RAM) [1-3].
Controlled crystallization in glasses has led to the development
of glass-ceramic materials with fine-grained nanostructure and
specific properties [5]. Much of the work in the field of glass-
ceramics has been done on the mechanical and thermal prop-
erties. On the other hand, fewer investigations were reported
on the high-permittivity glass-ceramics containing a ferroelec-
tric phase, such as LiNbOs [6, 7] and SrBi,Nb,Oq [8, 9]. We
have been attempting to fabricate Li,B40; host glass matrices
consisting of SrBi;Nb,Oy. It is known that the bulk ionic
conductivities of SBN (~10"’S/cm) are much higher than
those of the perovskite ferroelectrics, e.g., PbZr,_,Ti, Ti,O3
(~10"""=107"°S/cm) [10]. The existence of electrical conduc-
tivity of this magnitude in ferroelectric materials is an undesir-
able feature, as the dielectric constant measurements do not
reflect the real contribution from the lattice, when space charge
polarization, triggered by conductivity mechanism, is preva-
lent [10, 11]. To the best of our knowledge there is no report
describing the precise crystal structures of SrBi;Nb,Og em-
bedded in a 50 % Li,B40; glass matrix. So the purpose of the
present paper is to study the ferroelectric SrBi,Nb,Og phase in
glass matrix by using X-ray diffraction, Infrared spectroscopy,
AC conductivity and dielectric properties. The results are
reported in this paper.

2 Experimental

The 50Li,B407-50(SrO-Bi,03-Nb,05) (mol%) transparent
glass was prepared by the conventional melt quenching
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technique. The glass sample under investigation was pre-
pared from reagent grade Li,B40-, SrO, Bi,O3 and Nb,Os.
The batches were ground well and packed into porcelain
crucible. An electrical furnace was used for melting this
sample. This mixture was melted at 1050-1100 °C for 1 h
to yield 20 g of the glass. The melt was poured on to a
copper plate and immediately pressed into plates. Strontium
bismuth niobate, StBi,Nb,Oy (SBN) nanocrystal embedded
in a 50 % Li,B40, glass matrix was produced by heat-
treating (HT) the as-prepared sample in air at 874 K
(HT874) during 6 h. The differential scanning calorimetry
(DSC) for glass sample was carried out on a SETARAM
Labsys™ TG-DSC16 thermal analyser in the 303—-1273 K
temperature range. X-ray diffraction studies were performed
at room temperature (RT) from a Siemens D5000 diffrac-
tometer using Cu Ko radiation. Rietveld analysis of the
diffraction data was performed using the FULLPROF pro-
gram. The mean crystallite size of SrBi,Nb,Oy was evalu-
ated from X-ray diffraction based on Scherrer’s equation.
The IR spectrum of the glass—ceramic was recorded at room
temperature on a Bruker (Vector 22), single beam spectrom-
eter with a resolution of 2 cm™'. The IR transmission spec-
trum was recorded using KBr pellets containing 2—5 mg of
sample. AC electrical conductivity and dielectric properties
of the nanocrystalline glass—ceramic phase will be measured
as a function of temperature and frequency. The ac data was
collected using electronic RLC bridge type SR 720.

3 Results and discussion
3.1 DSC

Figure | shows the DSC curve for the as-prepared glass at
heating rate 20 K/min. The glass sample exhibits endother-
mic minima which represent the glass transition temperature
T, at 721 K. As can be seen from (Fig. 1), also the exother-
mic peaks (T, and T..») occurred at 772 (broad and less
intense) and 874 K (sharp and more intense) followed by

Endo ~— T — Exo

400 600 800 1000 1200

Temperature (K)

Fig. 1 Differential scanning calorimetry for the as-prepared sample
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two endothermic peaks at 1021 and 1108 K. These exother-
mic peaks are caused by the crystallization of different
phases from glass matrix [8, 12], and the two endothermic
peaks were related to the melting processes. It is known that
the shape of the exothermic peak is strongly influenced by
the crystallization mechanism. The broad and sharp exother-
mic peaks can be attributed to the surface and bulk crystal-
lization, respectively [13].

3.2 X-ray diffraction studies

The XRD pattern corresponding to the as-prepared sample
exhibits a broad hump without any distinct peak (Fig. 2 (a)),
which confirms the amorphous nature of the sample. The
XRD pattern for the HT874 sample (Fig. 2 (b)) shows its
single-phase character with the presence of weak diffraction
peak at 20 =21.71, due to the precipitation of very small
amount of Li,B405 [7, 8]. Rietveld refinement of the data
reveals that the sample crystallizes in an orthorhombic
SrBi,Nb,Ogy with space group A2;am consistent with the
previously reported results [4, 8]. This suggests the trans-
formation of the SBN from fluorite to perovskite phase [8,
14]. Refined values of the lattice and positional parameters
at room temperature are summarized in Table 1. The lattice
constants are found to be in excellent agreement with the
earlier results 8, 15, 16] within the experimental error. The
lattice parameters (¢=5.5104, b=5.5096 and ¢=25.0794 A)
computed based on this pattern are comparable with those
reported (a=5.5189, b=5.5154 and c=25.1124 A) in the
literature for a typical polycrystalline SBN phase [16]. The
d-spacings, computed from these patterns are in close agree-
ment with those reported in the literature for a polycrystal-
line SBN phase obtained by conventional solid state
reaction route [16]. But there is a noticeable shift in the
peak positions towards higher angles than those of the pure
powder sample of SBN. This shift can be attributed to the
existence of uneven distribution of strain which arising out
of the anisotropic growth of SBN crystals in Li,B40- glass
matrix [8, 17]. It is because of the fact that these oxides have
a tendency to grow in platy form, which is hindered in the
present case by the presence of surrounding viscous glassy
phase [8, 17]. The crystallite size obtained at this stage of
heating based on Scherrer analyses is about 74 nm. As the
growth of SBN nanocrystallites initiates in the glass matrix
of Li,B,0-, they experience selective compressive pressure
effects that are exerted by the surrounding viscous glass
matrix. Since SBN has a tendency to grow anisotropically,
which is known in the layered materials of the present kind,
different planes of the crystal are likely to experience dif-
ferent amounts of strain. In the prototype structure (Fig. 3),
Sr is coordinated to 12 oxygen atoms; bismuth is bonded to
5 oxygen atoms, while niobium occupies the MOg position
in the perovskite layer. In a simple perovskite-type structure,



J Electroceram (2012) 29:171-178

173

Fig. 2 (a) The XRD pattern for
the as-prepared sample. (b)
Rietveld plot of X-ray diffrac-
tion (XRD) pattern for the
HT874 sample. Red dots indi-
cate the experimental data and
the black lines overlapping
them indicate calculated pro-
files. The lowest curve shows
the difference between experi-
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it is expected that the O-Nb—O chains are interrupted by
[Bi,0,]*" layers not only along the ¢ axis but also by
translation of the perovskite plane perpendicular to the c
axis relative to the neighboring perovskite planes [16]. On
the other hand, unbroken O—Nb—O chains are present in the
plane perpendicular to the ¢ axis.

3.3 Infrared spectral studies

Figure 4 shows the IR transmission spectrum for the HT
sample recorded in the 1800-460 cm ' region. The

vibration modes of the borate network are mainly active in
three IR spectral regions (i) in the region 1200-1600 cm™';
(ii) in the region 800—1200 cm ™' and (iii) in the region 600—
800 cm '. The first region of bands is attributed to the
stretching relaxation of the B-O bond of the trigonal BO;
units while the second region of bands is attributed to BO4
units and the third region of bands is due to the bending of
B-O-B linkages in the borate network [8, 18, 19]. From
Fig. 4 we see eight IR bands. The bands at 548, 619 and
787 cm !, are assigned to the formation of the NbOj octa-
hedra in SBN. This suggests that the perovskite SBN phase
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Table 1 Refinement parameters
of SrBi,Nb,Og embedded in a
Li,B40 glass matrix at room

Lattice coordinate

temperature Lattice constants Atom Site X y z Reliability factor
a=5.5104 A Sr 4a 0 0.24216 0
b=5.5096 A Bi 8b 0.50890 0.73116 0.20110 X2=1.90
c=25.079 A Nb 8b 0.49800 0.75200 0.41340
o(1) 4a 0.43537 0.13767 0
0Q2) 8b 0.44337 0.72467 0.34100
0@3) 8b 0.71137 19.9316 0.25000
04) 8b 0.63295 1.05434 0.08717
O(5) 8b 0.68895 1.06334 0.57297
could be obtained by heat-treating the representative glass
sample at 874 K for 6 h. The strong modes at 1368, 1143,
987, 904 and 691 (see Fig. 4) are very indicative of the
] presence of the crystalline phase [20]. The band at 1368 cm ™
' is assigned to the stretching vibrations of the B-O of
[SENb,O, 12 trigonal (BOs)’™ units in Plyroborates [21]. The prominent
bands at 1143 and 987 cm  are identified with the vibration
of the boroxol rings and B-O bond stretching of BO, units,
respectively [8, 22]. The band at 904 cm ™' is attributed to
— bending vibration of B-O-B bridges of the boron—oxygen
] network and the band at around 691 cm ™' is attributed to
[Bi,0,]%* bending vibration of pentaborate units [8, 22].
3.4 Dielectric studies

Fig. 3 The Crystal structure of SrBi,Nb,Oo showing the alternate
[Bi,0,]*" and [StNb,O7]* layers. The line represents the unit cell
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Usually, electronic, ionic, dipolar and space charge polariza-
tions contribute to the dielectric constant (5;) Figure 5 shows
the dielectric constants as a function of temperature for the
heat-treated (874 K/6 h) sample at various frequencies. For the
present sample, a transition in dielectric constant at their
respective Curie temperature (T,) is observed at all the fre-
quencies. The dielectric constants at low temperatures for the
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Fig. 4 Infrared transmission spectrum for the HT874 sample
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Fig. 5 Variation of 6;, with temperature for the HT874 sample

sample are also found to be the same regardless of the signal
frequencies. The low frequency dielectric dispersion at high
temperatures is observed in the sample. It is known that the
SBN embedded in a 50 % Li,B40- glass matrix is not per-
fectly stoichiometric, but contains a certain amount of inherent
defects (e.g. oxygen vacancies). Many investigations of Pb
(Zr,T1)O5 have indicated that the defects such as oxygen
vacancies act as space charge which plays an important role
in the electrical polarization of perovskite materials [23, 24].
The oxygen vacancy induced polarization becomes dominant
at high temperatures and at low frequencies [24]. This
explains the significantly enhanced dielectric constant at low
frequency (120 and 10 kHz) and high temperatures, observed
in the present sample. However, the dispersion at higher
frequencies (100 kHz) in the entire temperature range (300—
815 K) covered in the present investigations is not significant,
suggesting that this phenomenon at low frequencies is coupled
with space charge effects. The dielectric loss (tan 8) as a
function of temperature for the heat-treated (874 K/6 h) sam-
ple at various frequencies is shown in (Fig. 6). The source of
dielectric loss in insulating ceramics is space charge polariza-
tion/domain wall relaxation [25]. The presence of defects like
oxygen vacancies which act as space charge and contribute to
the electrical polarization of perovskite materials, can thus be
related to the dielectric loss. In the ferroelectric to paraelectric
transition region, near T, (743 K) the dispersion is remarkably
high. The ¢, and tan & values at 100 kHz and at 300 K are
respectively 73 and 0.012, while at T, these are 205 and 0.85.
The high value of tan & or in other words high ionic conduc-
tivity associated with SBN at T, suggests that there could be a
coupling between space charge and ferroelectricity [26].
Figure 7(a) and (b) shows the frequency dependence of
5; and 5;’ of the dielectric constant on a log—log scale at
various temperatures for the heat-treated (874 K/6 h) sample
respectively. From this Fig. it can be seen that s’r and 5: show
strong dispersions at low frequencies and it is affected by
the temperature change. This result is attributed to the low
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Fig. 6 Variation of tan 0, with temperature for the HT874 sample

frequency space charge accumulation effect [26]. This strong
dispersions in 5; and 5;’ appear to be a common feature in
ferroelectrics associated with non-negligible ionic conductiv-
ity and is referred to as the low frequency dielectric dispersion
[26-29]. The dispersion in the case of €. is stronger than ¢, in
this sample. In the range of higher frequencies the weak
dispersion of 5;. suggests that the dispersion is coupled with
the space charge carriers. Such strong dispersion in both g;, and
£, seems to be a common feature of ferroelectrics with good
ionic conductivity [26, 30]. The low frequency slope of the
curve log 51.’ vs. log f is close to —1 indicating the predomi-
nance of the dc conduction in this frequency region [26]. In
order to understand the influence of the electric conductivity
on the ferroelectric properties, the obtained data were plotted
as a function of frequency at a few numbers of high temper-
atures to represent a variation in the real part of the ac con-
ductivity (0,c) as shown in (Fig. 8). It can be seen that the
plateau-like of conductivity, i.e. frequency independent values
of conductivity, corresponding to the dc conductivity, was
observed in the low frequency region at high temperatures.
In the higher frequency region, the strong dispersion of elec-
tric conductivity was observed and the changes of o(w) in this
region can be described as proportional to w", where w is
angular frequency and n is the parameter depending on the
temperature. The character of these changes does not depend
on the temperature. Although with the increase in temperature
it was noted that the range of frequency where dispersion
occurs moved to higher frequencies. A similar tendency was
observed for polycrystalline SBN phase obtained by conven-
tional solid state reaction [26]. The conductivity spectra for the
sample obey Jonscher’s law, and ac conductivity is found to
vary with angular frequency w [31].

o=o0,+ Aa" (1)
where o, is the dc conductivity, A is the temperature depen-

dent parameter and n is found to take values between 0 and 1.
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The interaction between the charge carriers participating in the
polarisation process is characterised by the parameter n (the
lower the n value the stronger is the ion—ion coupling [33]).
The value of n calculated from the high frequency region
decreases as the temperature increases and attains a minimum
near T, and subsequently it increases with further increase in
temperature. The observed minimum at T, implies the strong
interaction between the charge carriers and the lattice. The
Arrhenius plot derived from the conductivity values at differ-
ent temperatures at 120 Hz is shown as the inset in Fig. 8. The
activation energy calculated from this plot is 0.92 eV and this
value is close to the ionic conduction resulting from the
mobile oxygen ion vacancies and found to be in agreement
with the earlier reports [10]. The complex dielectric constant
as a function of the radian frequency w=27f in accordance

1 7
0-
c-10
T -1+ 1
E -12
g -2 13
g, 12 1.3 14 16?1_1.6 I: 1.8
3 3 gotkv— oY :
743K 4 . "
A /.
4 673K e———® -
o
-5 - . —
573Ke——
20 25 30 35 40 45 5.0
Log f (Hz)

Fig. 8 Double logarithmic plot of ac conductivity vs. frequency at
various temperatures for the HT874 sample. The inset shows the
(Inoy) vs. (1000/T) at 120 Hz
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with the Jonscher’s power law is given by the following
relation.

e* = ¢ —je. = e + 0/jeow + (ao(T) /o) (jw"<f>-1)
(2)

where ¢, is the ‘high frequency’ value of the dielectric con-
stant, o is the dc conductivity, n(T) is the temperature-
dependent exponent and ay(T) can be given as A(T)L/S, where
S and L are the area and the thickness of the sample respec-
tively [12, 26]. Hence the real (5;) and imaginary (5:) parts of
the complex dielectric constant could be calculated from the
following formulas:

£, = e + ao(T) /eo sin(n(T)z/2) " D! (3)

"

e, = 0/20w + ao(T) /o cos(n(T)x/2)a" D! @)

where the first term in Eq. 3 determines the lattice response
and that in the Eq. 4 corresponds to the dc conduction part,
while the second part in both the equations describes the
contribution of space charge carriers to the observed permit-
tivity of the sample. The dielectric constant E;, as a function
of temperature and frequency (Figs. 5 and 7(a)) could be
explained by Eq. 3. For low frequencies the charge carrier
term ao(T)/eo sin(n(T)r/2)@"")~! becomes dominant and
the contribution from ¢, can be neglected. Therefore, for a
constant n, Eq. 3 gives the linear characteristic with the
slope n-1 in the 5; and frequency on the log—log scale.
The charge carriers fail to respond to the external field at
high frequencies, consequently the dielectric constant is due
to the contribution from the lattice polarization [26]. This
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Fig. 9 The temperature dependence of high frequency dielectric con-
stant ¢, for the HT874 sample

linear decrease occurs in the low frequency region and a
frequency-independent plateau region at high frequencies as
shown in (Fig. 7 (a)). At high temperatures the charge
carrier term [ao(T) /2o sin(n(T)r/2)e" ) ~'] becomes more
and more prominent, thus resulting in the dielectric disper-
sion at low frequency [26, 33]. The presence of an anoma-
lously strong dispersion of 6; near T, suggests the coupling
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Fig. 10 Variation of the critical exponent n(T) with temperature show-
ing a minimum at T, of SBN for the HT874 sample
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Fig. 11 The temperature dependence of the prefactor A(T) showing a
peak at T, for the HT874 sample

between the lattice and the charge carriers [26, 31]. The
behavior of the E;/ in this sample in the low frequency and
in the high temperature region can be explained by Eq. 4. In
such circumstances the dc electric conductivity contribution
is dominant, which is consistent with the data shown in
(Fig. 7 (b)) [26, 32]. The e, value was selected as the
dielectric constant obtained at 100 kHz, as the small disper-
sion around this frequency is negligibly. This may be attrib-
uted to the presence of an anomaly in the range of T..
Figs. 9, 10 and 11 show the variation of the ¢, n(T) and
A(T), with temperature respectively. From these Figs. it can
be seen that the lattice contribution, ¢.., shows a peak at T,.
The exponent n(T) decreases with increase in temperature
and shows a minimum at T, and then increases with further

O 0.12kHz

-8 O 1 kHz
A 10 kHz

-10 v 100 kHz

Ing,, (Qm)™
4
S

1.0 15 2.0 25 3.0 3.5
1000/T (K)

Fig. 12 Ac conductivity (Ino,.) vs. (1000/T), at different frequencies
for the HT874 sample
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increase in temperature. The minimum observed at T, can be
attributed to the interaction of the charge carriers with the
lattice. On the other side, the prefactor A(T), which is used
to determine the strength of polarizability, exhibits a sharp
peak at T.. These above results are in line with those
reported for ferroelectric SrBi;Nb,Og ceramics by B. H.
Venkataraman et al. [26].

3.5 AC conductivity

The reciprocal temperature dependence of the ac conductiv-
ity as a function of temperature for the heat-treated (874 K/
6 h) sample at various frequencies is shown in Fig. 12. From
this Fig. it can be seen that the ac conductivity exhibits
anomalous behavior at a particular temperature. The change
in slope at a particular temperature which corresponds to the
transition temperature in the sample obtained from the tem-
perature dependence of the dielectric constant (Fig. 5). The
change in slope of curve (Fig. 12) will reflect a change in the
ac conductivity phenomenon in paraelectric and ferroelec-
tric regions [8, 34]. At low temperatures, the ac conductivity
is seen to be almost independent of temperature but shows
different values at different frequencies indicating that major
contribution to the conductivity result from the presence of
space charges [35]. As the temperature increases, the ac
conductivity shows an increase in curve tending to merge
at high temperatures [35]. From the above results we con-
cluded that the SrBi,Nb,Oy embedded in a 50 % Li,B,0,
glass matrix is not perfectly stoichiometric, but contains a
certain amount of defects (e.g. oxygen vacancies) resulting
from the volatilization of Bi,O5 at high temperatures [35,
36]. When Bi,0; is lost, bismuth and oxygen vacancy
complexes are formed in the (Bi,0,)*" layers. As frequency
decreases, oxygen vacancies become active and mask the
growth of the ferroelectric phase and hence no clear anoma-
lies appear in the temperature dependence of the ac conduc-
tivity [35].

4 Conclusions

Ferroelectric StBi,Nb,Oy (SBN) embedded in a 50 %
Li,B40; glass matrix were successfully synthesized by heat
treating the as-prepared sample. An SrBi,Nb,Og orthorhom-
bic structure with A2;am space group was identified by
Rietveld method. Ferroelectric SrBi,Nb,Og embedded in a
Li,B40; glass matrix have been found to exhibit strong low
frequency dielectric dispersion when the studies were made
in the 120 Hz—10 kHz frequency range at various temper-
atures. The parameters A(T) and n(T) are determined. An
anomaly in the paraelectric—ferroelectric transition region is
observed for both parameters near T, indicating a coupling
between the charge carriers and the phonons. From the ac

@ Springer

conductivity plots it was observed that the electrical con-
ductivity obeyed the universal power law dependence in
accordance with the Jonscher’s model.
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