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Abstract- A new tungsten bronze ceramic Na,Ba,Gd,W,Ti;Nb,Oswas prepared using conventional mixed oxide
route.The preliminary structural analysis of the compound using room temperature X-ray diffraction (XRD) indicates
the formation of single-phase orthorhombic crystal structure.The temperature and frequency dependent dielectric
properties (¢, and tand) of the compound exhibits two phase transitions in it. The low temperature phase transition (at
368K) related to structural type (ferroelectric-ferroelectric) and the high temperature (at 638 K) isrelated to the
ferroelectric to paraelectric. Thehysteresis loop (electrical polarization versus field) at room temperature confirms the
ferroelectric property of the compound.The electrical properties of the material at a wide range of temperature (25-500
°C) and frequencies (1 kHz — 1 MHz) were investigated usingComplex impedance spectroscopy (CIS). Thetemperature
dependent impedance properties were used to obtain the various thermistor parameters and their variation with

temperature.
1. INTRODUCTION

Environmentally-friendly lead-free ferroelectric materials with the tungsten bronze (TB) structure compounds have
attracted particular attention because of their excellent ferroelectric [1], multiferroic [2], photo luminescent [3],
electro-optic [4], piezoelectric [5-7] and pyroelectric [8] properties. The expressions (A1)2(A2)4(C)a(B1)2(B2)sOz
describes the tungsten-bronze crystal structure, with A; and A, sites are filled with by the monovalent alkali metal
cations K*, Na*, Li*, the divalent alkaline earth metal ions Sr**, Ba**, Ca®*, Pb?* or the trivalent rare-earth metal
cations La**, Nd**, Eu*, Gd*; the B sites are filled by Nb**, Ta>*, Zr**, Ti**, Sb>; and the C sites by Li*, Be*,
Mg?®*. Generally, in the several chemical bonds of the tungsten-bronze structure, ferroelectricity arises due to
interaction between the B atom and its surrounding oxygen framework in the BOg polar unit [9,10]. The C sites
being the smallest and are generally empty. When all the six A site cations are occupied in the structure
(A1)2(A2)4(C)a(B1)2(B2)gO4, it represents a “filled” TB structure; otherwise it is referred to an ‘unfilled” TB [11-12].

It has been found that different ionic size substitutions at the above-mentioned sites ( A and B) can tailor their
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physical properties for device applications. Recent studies reveal that a lot of work has been carried out on lead
based tungsten-bronze ferroelectricniobateceramics with rare earth ions for their exciting electrical properties [13-
15]. So we are searching for a lead-free ferroelectric, as the ferroelectrics containing lead is hazardous to human-
beings and environment [16]. Again, the niobates consist of corner-sharing NbO6 octahedra which arrangement
gives three kinds of interstitial sites which can be occupied by Ba, Sr, Ca, Na, or other elements with similar size. So
the dielectric and ferroelectric properties and compositions of these niobate-based -ceramics can be adjusted[17,18].
Hence we have synthesized a new complex environment-friendly lead-free TB-structured niobate,
Na,Ba,Gd,W,TisNb,;03, (NBGWTN), and studied its structural and electrical properties.

2. EXPERIMENTAL PROCEDURE:

The Polycrystalline sample of Na,Ba,Gd,W,TisNbsO5 (abbreviated as NBGWTN) was prepared by high
temperature solid state reaction technique using high purity ingredients Na,C0O3(99%, Merck), BaCO5(99%, Merck),
Gd,03, W05(99.9%, M/s. LobaChemie Pvt. Ltd., India), TiO, (99%, Merck), and Nb,05(99.9%,Puriss AR). These
ingredients are taken in suitable stoichiometric ratio and were thoroughly mixed and ground in dry and wet
(methanol) medium for 1 h each in an agate mortar. Calcination was carried out at 1150 °C for 4 h for the samples
by using an alumina crucible. The process of grinding and calcinations were repeated to ensure the completion of
reaction. The quality and formation of the compound were checked by an X-ray diffraction (XRD) technique using
an x-ray powder diffractometer (RigakuUItima IV, Japan)with CuK,, radiation (A = 1.5405 A) over a wide range of
Bragg angles 26 (20° < 26 < 80° ).The powder was then pressed into pellets (10 mm diameter and thickness 1 mm
to 2 mm) under the uniaxial pressure of 3.5 ton by using a hydraulic press. Polyvinyl alcohol (PVA) was used as
binder during preparation of pellets. The pellets were then sintered at 1200 °C for 4 h in a covered alumina crucible
in air atmosphere. The binder was burnt out during the sintering process. The sintered pellets were then polished
with fine emery paper in order to make both faces flat and parallel. After that the pellets were electroded with high
quality silver paste and then dried at 150 °C for 1 h in order to remove moisture before taking any electrical
measurements. The dielectric, impedance and modulus parameters of a silver-electroded pellet were measured as a
function of frequency (1 kHz to 1 MHz) by using a computer-controlled HIOKI 3532 LCR Hitester over a wide

range of temperature.
3. RESULTS AND DISCUSSION
3.1 Structural Andmicrostructural Studies

The X-ray diffraction (XRD) pattern of NBGWTN at room temperature of the calcined powder sample is shown in
Figure 1(a). All the peaks were smoothened. The sharp and single diffraction peaks are different from that of the
precursors thus indicating that single-phase new compound isformed and moreover suggestenhanced crystallization
and better homogeneity of the resultant material. All the peaks of the XRD patterns wereindexed by taking 26 and
intensity value of each peak using the standard computer software ‘POWD’. The best agreement between the

observed and the calculated interplanarspacings (d) and Bragg angles was found for the orthorhombic crystal
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structure. The least-squares refined unit cell parameters are: a = 23.9300 A, b = 16.6976 A, ¢ = 3.5100 A and
volume V = 1403.50 A® with standard deviation of 0.0036. The refined lattice parameters of the material are found
to be consistent with the reported compounds having similar structure. It was not possible to find out the space
group distinctivelywith the limited x-ray powder diffraction data [19].

Further, the crystallite or particle size (P) of the compound was calculated using the broadening of some widely

spread (over Bragg angles) strong and medium reflections in the Scherrer’s equation: Pyy; = # [20],where
1/2 hkl

k (constant) = 0.89, A=1.5405°A and B1o= full width at half maximum (in radians). The average value of Py is
found to be 19.39nm.

The SEM micrograph ofNBGWTN is shown in Fig. 1 (inset).The nature (size, shape and distribution of grains) of
the microstructures of the sample suggests that the grain growth has more or less completed during sintering, and
hence no secondary phase was observed. Because of some voids of irregular shape, size and dimension very high
density sample could not be obtained. In addition to the above, some small size grains were found to be
homogenously distributed throughout the surface of the sample. The grain size (from the micrograph) is found to be

in the range of 2-8 um.
3.2 Dielectric Study

Fig 2 (a) & (b) show the temperature variation of relative dielectric constant (g;) and tangent loss (tand) of the
compound at some selected frequency (10kHz, 100kHz and 1MHz). Two dielectric peaks (at 368 K and 638 K)
were observed for all the three frequencies. The dielectric constant increases gradually with increase of temperature
and attains a maximum value (peak) at 368 K and then decreases. Further, €, increases with rising of temperature
and attains another peak at 638 K. The rapid increaseofe, beyond second anomaly is again due to space charge
polarization which is dueto mobility of charge carriers and imperfections in the material. Earlier such two phase
transitions areobserved in some orthorhombic tungsten bronze ferroelectrics [21-22].According to the observations
found in literature, the high temperature anomaly (638 K) may be a ferroelectric—paraelectric transition (Tc), while
the lower one (368 K) is assumed to structural type (ferroelectric—ferroelectric) transition. This conclusion
demands suitable experiment for confirmation. The ferroelectric to paraelectric transition of the material was
confirmed later by polarization study. The frequency independent transition temperatures (no dielectric dispersion),
of the compound suggests that it is not anrelaxor. The values of g, (dielectric constant at Tc,) at 1, 10, and 50 kHz
are found to be 680, 391, 310, and those of at Tc, are 2830, 647, 376 respectively which are much higher than that
of reported similar lead based compound, Li,Pb,Gd,W,TisNb;O3q [22]. The variation of tand with temperature
follows the similar trend as of .. The values of tand .y (tangent loss at Tc,) at same frequency are found to be 8.74,
1.73, 0.57 and those of at Tc, are 4.74, 2.68, 1.149 respectively. Further the maximum dielectric constant and
dielectric loss at the second transition decreases with increasing frequency which isa characteristic of normal
ferroelectric oxide materials. This is due tothe absence of dipolar and ionic polarizations in the material at higher

frequency.
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Fig. 3 shows the variation of dielectric constant with frequency at different temperatureof the sample. It is observed
thate,, decreases strongly in the low-frequency region whereas quite slowly in the high-frequency region. This type
of dielectric behavior in the sample can be explained by the Maxwell-Wagner and Koop’s phenomenological
models [23]. According to this model, dielectric medium consists highly conducting grains and poorly conducting
grain boundaries. The grains are more effective at higher frequencies while at lower frequencies the grain
boundaries are more effective. The dielectric constant (e;) decreases with rising frequency which is may be due to
the fact that the electron hopping between Ti**— Ti** at octahedral sites cannot follow the alteration of ac electric
field at higher frequencies. Therefore, electrons have to passthrough the well conducting grains and the poorly
conducting grain boundaries. As the grain boundaries have large resistance, the electrons pileup there and produce
large space charge polarization. Therefore, €is more in the low-frequency range. On further increasing at lower
frequencies at lower frequencies frequency, the electrons change their direction of motion rapidly, which hinders the
movement of electrons inside the dielectric materials and thus accumulation of charges at the grain boundaries

decreases and hence decreases the &,.

3.2 Impedancespectroscopy Study

ComplexImpedance Spectroscopy (CIS) is a powerfultechniquefor electrical characterization of materials over a
wide range of temperature and frequency. By this method one can be able to differentiateamong(i) bulk, (ii) grain
boundary, (iii) electrode polarization effect of the material. An ac signal is applied through the pellet sample, and its
output response is measured. The data for impedance measurements of the materials has both real (resistive) and
imaginary (reactive) components. For this purpose certain basic equations of impedance and electrical modulus are

used in this method:

Complex impedance, Z(®) =Z —jZ = Ry ﬁ ;

Complex electrical modulus, M(®) = i =M’ +jM” =j oCyZ;
Complex admittance, Y™ =Y’ +jY” = joCoe = (Rp) ™" + joC,

Complex permittivity, € = € - je”, where = 2xf is the angular frequency, C, is the geometrical capacitance, and
the subscripts “p” and “s” indicate parallel and series components, respectively. By using above equations we will
get resultant impedance and modulus formalism to compute and study the detail electrical properties of the

materials.

Figure 4 (a) shows the variation of Z’ with frequency at different temperatures is shown in figure4(a). From the
graph, the magnitude of Z’ decreases with increase in both frequency as well as temperature, indicating an increase
in AC conductivity.The Z’ values for alltemperatures merge at high frequency which may be due to the release of
space charge, as a result ofreduction in barrier properties of the material with rise in temperature [24]. Again at low

frequency region Z’ decreases with rise in temperature indicating negative temperature coefficient of resistance
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(NTCR)- type behavior of the material similar to that of semiconductors. Figure4 (b) shows the variation of Z”with
frequency at different temperatures. TheZ” values for all the temperatureattains maximumat a particular frequency
(known as relaxation frequency,f,) which explains the presence of relaxation in the sample[25].Inverse of f; is
known as relaxation time of the sample. The peak (Z”n.)shifts toward higher frequency side with rise of
temperature suggesting that the relaxation time decreases with rise in temperature i.e. temperature dependent
relaxation phenomena in the material.Generally,immobile charges at low temperatures and defects/vacancies at
higher temperatures are responsible forrelaxation process in dielectric material [26].The asymmetric broadening of

the peaks suggests the spreading of relaxation with temperature and consiststwo equilibrium positions. The peak

T

heights are proportional to bulk resistance (Ry), and can be explained by the equationZ”[ = Rb{l;:—zrz}] in 27
versus frequency plot. Due to the above cause the the peak heights decreases with temperature.

Fig. 5.shows the variation of In t (relaxation time) with inverse of absolute temperature (10%/T). With increase in
temperature the value of T decreases. The plot follows the Arrhenius relation : = tgexp (-Ea/KT) . Using the above
relation, the activation energy (Ea) was found to be 0.71 eV.

The Nyquist plot or Cole—Cole plot is also another important technique to study the relaxation and conduction
processes. |t calculates different parameters associated with grain and grain boundary effects.

The temperature dependent complex impedance spectra (Nyquist plot) over a wide frequency range (1 kHz-1 MHz)
of the sample is shown in Fig 6. The impendence appears as semicircular arcs whose pattern changes with rise in
temperature.The plot indicates that the area of the semicircle decreases with increasing temperature ,
highlightingdecrease in resistivity with increasing temperature At low temperature (up to 200°C), complex
impedance plots have single semicircular arc whereas, at higher temperatures (above 200°C), two semicircular arcs
(with center just below the real axis) are observed. It is found that most acceptable approach to interpret the
depression of semicircles is statistical distribution of relaxation time [27]. The nature of plots suggests that the
electrical response is composed of at least two semicircles, first due to bulk (grain) property of material whereas the
second one (at high temperature) is due to presence of grain boundary [28]. Fig. 5 compares the complex impedance
plots with fitted data using commercially available software ZSIMP WIN version 2. The analysis of the curves
shows that the semicircle exhibits some depression instead of a semicircle centered on the abscissa axis confirming
spread of relaxation with non-Debye type. In an ideal case (Debye-like response) an equivalent circuit has parallel
combination of CQR and CR where Q is known as constant phase element (CPE), R is the resistance and C is the
capacitance. The admittance of Y of CPE is defined as Y*(CPE) = A (jo)"= A"+ jBo", where A = AyCos(nm/2)
and B = A¢Sin(nn/2). A0 and n are frequency independent but temperature dependent parameters, Ay determines the
magnitude of the dispersion and it varies between zero and one (0 < n < 1). The CPE describes an ideal capacitor for
n =1 and an ideal resistor for n = 0 [29].From this fitted curves, the value of bulk resistance (Ry,) at different
temperatures was calculatedand plotted in fig 7. It clearly shows that the parameters R, decreases with rise in

temperature once again suggestingthe NTCR behavior of the material [28].

3.3 Thermistor Constant beta (8) or Sensitivity

The high value of reisistance obtained in the material makesit more suitable for thermistor application.
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The variation of resistane with temeperature follows an empirical relation given by

—Eq
KpT

R = R,exp ( )orR = Ryexp ,8(% - Tio) 1)

Where R is the resistance of thermistor at the temperature T (K), Ry is the resistance at given temperature To(K) and
B is the material specific constant. It is observed that the resistance varies with temperature indicating that the
material can be used as NTC thermistor [30]. The NTC thermistor parameter (f) can be calculated by using the

following relation

Where Ry, = Resistance at Temperature 1,R;,= Resistance at Temperature 2
T, =Temperaturel (K), T,= Temperature 2 in (K)

The f value describes the thermistor specification and components [31]. The change of g value with temperature is
revealed in Fig. 8 and found that 8 increases with increase in temperature for the material. It is found in literature
that for good thermal sensing applications, the value of 8 must lies between 4000K-15000K [32]. In our study, the
value of S is obtained in the range of 2000K-8000K, which confirms that the material have high temperature

stability property and very much appropriate for high temperature electronics applications.

The a value (temperature coefficient) for a thermistor can be calculated using Steinhart-Hart coefficient is given
below.
_ B

Q—F

The avalues explain the material characteristics which are defined as the change of percentage in resistance per unit
degree or temperature coefficient. The variation the a value with temperature for the compound is shown in Fig 9
and a nonlinear behavior was observed.The thermistor sensitivity described by the activation energy which is
calculated by the equation Ea=kBxf3 where Ea is the activation energy, kB is the Boltzmann constant and £ is the
thermistor constant. The activation energy variation with temperature is shown in Fig 10 and found that activation
energy increases with temperature. The plot shows the transition from lower value to higher value, which is

significant for industrial purpose.
3.4 Polarization Study

The ferroelectric nature of the materials is usually confirmed by the hysteresis loop. In general, a hysteresis loop

indicates the occurrence of energy loss in a material with the amount being proportional to the area of the loop. The
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electric field-induced polarization (P-E) hysteresis loop for NBGWTN at room temperature is shown in Figure 11.
The figure reveals that the remanent polarization of NBGWTN is 0.573 pC/cm?2formaximum applied electric field
Enax= 1.251 kV/cm. The remanent polarization obtained for the material is small but P~E curve confirms that the

sample is ferroelectric in nature [33].
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Figure caption
Figure 1: (a) &(b)(XRD & SEM) pattern ofNBGWTN at room temperature.
Figure 2: Temperature dependence of (a) € and (b)tand ofNBGWTN at different frequencies.

Figure 3: Variation of € with frequency of NBGWTN at different temperature.
Figure 4: (a) Variation of Z" with log of frequency of NBGWTN at different temperatures.

(b)Variation of Z" with log of frequency of NBGWTNat different temperatures.

Figure 5:Variation of relaxation time (1) as a function of reciprocal of absolute temperature
of NBGWTN.

Figure 6:Variation of Z" withZ' of NBGWTNat different temperatures (Nyquist Plot).
Figure 7: Variation of bulk resistance with temperature of NBGWTN.

Figure 8: Temperature Dependence of § constant of NBGWTN ceramic.

Figure 9: Temperature dependence of o of NBGWTN ceramic .
Figure 10: Variation of Activation energy with temperature of NBGWTN ceramic.

Figure 11: Hysteresis loop of NBGWTN ceramic.

4. CONCLUSION

The lead free Polycrystalline material of a new ferroelectric compound, Na,Ba,Gd,W,TisNb,4Os, was prepared
by a high-temperature mixed oxide technique. X-ray analysis reveals the orthorhombic crystal structure of the
compound at room temperature. The surface morphology of the compound, studied by SEM, gives the grain size in
the range of 2-8 um. Two dielectric anomalies at 368K and 638K may be associated with structural and
ferroelectric-paraelectrictransition in this material. Impedance spectroscopy study of the compound shows that the
material has (i) conduction due to bulk material up to temperature 200°C, (ii) NTCR-type behavior and (iii)
temperature dependent relaxation phenomena. Various thermistor parameterswere obtained from the temperature
dependent impedance study and premier thermistor parameter was obtained which makes the material suitable for

thermistor based sensor application.
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