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Abstract 
 

Solid Solution of (1-x)Ba5TbTi3V7O30-xBiFeO3 is fabricated using Solid State Reaction 

technique for various x values. Single-phase compound formation is confirmed by the 

XRD (X-Ray Diffractogram). Using Scanning Electron Microscope (SEM: JOEL-

IT300) grain morphology is analysed. It can be seen that with an increase in x, the 
average grain size also increases. Ferroelectric characteristics such as Dielectric 

constant and loss tangent at temperature range (Room Temp – 500℃ ) and various 

frequencies range are measured by Impedance Analyser (HIOKI-IM3536). Samples 

were found to be ferroelectric in nature and with an increase in BiFeO3 content, the 

dielectric constant decreases. 

Keywords. Dielectric Constant, Ferroelectric, Loss Tangent, Multiferroic. 

7.1. INTRODUCTION 

Due to various applications of ceramic materials, ceramic processing plays a vital role 

in modern technology. Ferroelectric ceramic is the kind of such ceramic compound 
which have been extensively studied.  

Ferroelectric is a special type of dielectrics. Broadly, crystalline dielectrics are of two 

types: (a) Polar and (b) Non-Polar. Polar dielectric has dipole moments even when there 

is no external field whereas there is no such dipole moment in the case of Non-Polar 
dielectric. In the case of Polar dielectric, the polarization appears due to the unit cell’s 

inherent symmetry, giving rise to electronic/ionic polarization and creating a dipole 

moment. Thus, ferroelectric materials have spontaneous polarization which could be 
reversed by applying a reverse electric field. The polarization reversal of dielectric was 
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first observed by Valasek in 1920 [1]. The non-linear relation of polarization with the 

electric field is one of the main features of ferroelectrics [2-5]. Nye [6] and 
Bhagavantam [7] discussed the effect of symmetry on the properties of the crystal. 

There are in total 32 possible point groups based on crystal symmetry elements. For a 

material to show ferroelectric properties it should lack a centre of symmetry (necessity 

but not sufficient condition). There are 21 classes and 32-point groups that lack a centre 
of symmetry of which 20 crystal classes could be polarized under external stress and 

such type of material is called piezoelectric materials. 10 out of such piezoelectric 

groups also show pyroelectric behaviour. As the temperature changes, polarization is 
observed in the form of a pyroelectric current. Ferroelectrics are a subgroup of 

pyroelectric in which polarization could be reoriented or reversed by applying a reverse 

external field. A typical ferroelectric has spontaneous polarization which decreases with 
temperature and disappears at a particular temperature is known as Curie temperature 

(𝑇𝐶) [8]. At which material undergo a transition from ferroelectrics to paraelectric 

phase. The paraelectric phase is more symmetric than the corresponding ferroelectric 

phase. The dielectric constant above the transition temperature is also called Curie 

temperature (𝑇𝐶) obeys the Curie-Weiss law [9]: 

𝜀 = 𝜀0 +
𝐶

𝑇 − 𝑇𝐶
 

(7.1) 

7.1.1. Classification of Ferroelectrics 

All the known ferroelectrics today can conveniently be classified into 4 main groups 

based on their chemical compositions and structures. 1. Rochelle salt 

(NaKC4H4O6.4H2O) [1]. It is the representative of the tartrate group. 2. KDP (KH2PO4) 

[10]. This is a typical example of the dihydrogen phosphate of alkali metal. 3. Oxygen 
octahedra group which could again be subdivided into two main groups. Perovskite and 

tungsten-bronze (TB) structure. The general formula for perovskite is ABO3 [3] and for 

TB it is [A12A24C4][B12B28]O30. 4. NHC(NH2)2AlH(SO4)2.6H2O (Guanidine 
aluminium sulphate hexahydrate) [11]. As the present work concerns with the TB type 

compounds, we give detailed information about them: 

 Oxygen octahedral crystal is one of the most essential groups in the family of 

ferroelectrics. It has a structure having a combination of oxygen octahedra 
(located at the centre) and voids (occupied by other ions). 

 The oxygen octahedra ferroelectric family has three possible basic structures: 

(1) Perovskite (2) Trigonal Ilmenite structure (3) Distorted potassium- TB 
structure. 

The basic octahedral framework of the TB structure could be seen in Figure 7.1. The 

tetragonal unit cell consists of 10 BO6 octahedra connected in such a way forming three 
different kinds of tunnels passing parallel to the c-axis. Its unit cell has a height of 

about 4nm (one octahedron) along the c-axis direction along with a = b dimension of 

about 1.25nm (~√10c). The long oxygen octahedra chains along the c-axis bear a 

resemblance to the perovskite structure whereas normal to this axis consists of slightly 



 

 

puckered oxygen atoms sheets. Depending on the type of composition A-type cations 

could enter the interstitial tunnels in various ways. Such arrangements give space for 

about 4 (four) cations in 15 co-radiated trigonal A2 sites and 2 (two) cations in smaller 

12 (twelve) co-ordinated planar C-sites as can be seen from the figure. In addition to 

that, there are also two different B cation sites called B1 and B2. 

 

Figure 7.1. The atomic arrangement of a unit cell TB- type structure. 

The TB structure may be categorized in the following general formula: 

(A1)𝑥(A2)5−𝑥Nb10O30 

 (A1)𝑥(A2)5−𝑥Nb10O30, where A1 and A2 are alkaline earth ions. The best-

known and most widely studied compound is Sr5𝑥Ba𝑥Nb10O30. In this, the unit 

cell has five formula units and five alkaline earth cations which could fill the 

six interstitials A1 and A2 sites Both Sr and Ba ions are too large to enter the c-

sites. The structures are not filled, and a certain degree of randomness can be 

seen. 

 (A1)𝑥(A2)2−2𝑥Nb10O30, where A1 is an alkaline earth and A2 is an alkali ion. 

For example – Ba4+𝑥Na2−2𝑥Nb10O30 (BNN). Here, A1, A2 sites are filled, and 

C site is empty. This is also called a filled structure. 

 (A1)6−𝑥(A2)4+𝑥Nb10O30, where A1 and A2 are alkali ions. For example, 

K6−𝑥Li4+𝑥Nb10O30 (KLN), Here all A1, A2 and C sites are expected to be all 
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filled up along with smaller Li-ion in the C-site. In all the above types, 

properties depend on the width of 𝑥 of solid solution regions.  

7.1.2. Multiferroic and their importance 

Multiferroic materials are getting much importance in recent years for it presents both 

ferromagnetism and ferroelectricity properties in the same material. They could have 

utility in designing a new type of RAM where both the electric and magnetic 
polarisation could be used for storing data. Apart from the multiferroic composites 

processing [12] and thin films, the look for bulk multiferroic is a pressing challenge. 

Multiferroic materials can explore magnetic states by modulating an electric field and 
vice versa. It has lots of potential utilities such as storing information in sensors and 

spintronic devices [13]. However, there exists very few single-phase multiferroics in 

normal temperatures. It is due to the unsustainability [14] of conventional mechanisms, 
cations are off-centre in ferroelectrics which require empty d orbitals whereas magnetic 

moment requires partially filled d orbitals. For the coexistence of ferroelectrics and 

magnetic properties in a single phase, the ions should be off-centre to form an electric 

dipole moment which is of a different mechanism than that of a magnetic moment. In 

the ABO3 type (magnetic perovskite-type structure oxides), the multiferroic property is 

due to the stereochemical activity of lone pair of large cations (A-type) which provides 

ferroelectric property whereas, the B-type cation provides magnetic moment. In this 

regard, Bi-based magnetic ferroelectrics like Bismuth Ferrite (BiFeO3) draw huge 

attention in recent years. It has both the ferroelectric and antiferromagnetic order in the 

same phase at room temperature. In this material, there also exists magnetoelectric 

coupling between spin and charge. In BiFeO3, Fe3+ ions are magnetic whereas Bi ion 
having lone pair (two electrons) in 6s orbital moves away from a centre 

centrosymmetric position of oxygen surrounding resulting into ferroelectric properties. 

BiFeO3 has a structure of non-centrosymmetric rhombohedral distorted perovskite 
structure. 

Various types of multiferroic have been studied but BiFeO3 has been able to derive the 

most attention due to the simultaneous existence of ferroelectric order having Curie 

temperature (Tc~ 1083K) and antiferromagnetic order having Neel point (TN ~ 625K). 

Till now, only Bismuth ferrite BiFeO3 has been able to show multiferroic behaviour at 

normal temperature; however, its complex antiferromagnetic order yields only a tiny 

remnant magnetization [15]. At room temperature, BiFeO3 has the potential for many 
magnetoelectric applications. It also could have applications such as switches, 

actuators, electronic memory devices, magnetic sensors, etc. 

Due to the low value of the dielectric constant and its superstructure, earlier it was 

believed that BiFeO3 is antiferroelectric in nature. However, Tabares- Munoz et al. [16] 
using a polarized light microscope observed the ferroelectricity and ferroelasticity in 

BiFeO3 thus confirming the ferroelectric nature of the material. However, it is very 

difficult to observe the ferroelectric loop at room temperature due to its low resistivity 
at room temperature. Teague et al. [17] increased its resistivity by observing and 

measuring the hysteresis loop at low temperatures i.e., 80K. It was found that materials 



 

 

have ferroelectric properties along with ferroelastic properties and antiferromagnetic 

properties. Since it shows both ferroelectric and magnetic properties it is also known as 
magnetoelectric material. At room temperature, due to the semiconducting nature of 

Bismuth Ferrite electrical poling is difficult because of which it has loss characteristics 

(i.e., high tangent loss) [18]. To overcome the loss characteristics at high temperatures 

Smolenskiĭ et al. [19] measured the dielectric constant(𝜀) in a microwave frequency 
range. Smith et al. [20] doped the Bismuth Ferrite with other perovskites to enhance the 

insulator properties. They fabricated BiFeO3-PbTiO3 solid solution having high 

resistivity, which results in high dielectric along with low loss.  

Various kinds of research have been done by mixing BiFeO3 along with other 

perovskites ABO3 type to form a solid solution. It was found that BiFeO3 shows 

different structure transformations along with an increase in secondary phases also.  

Mahesh et al [21] established an experimental set-up through which the magnetoelectric 

effect could be measured. An impedance study was done on solid solution BiFeO3 −
BaTiO3[22]. It was found that there is an increase in lattice parameters due to the 

doping of BaTiO3 having a tetragonal structure, there is also an increase in conductivity 
of the system along with a decrease in the transition temperature in comparison to the 

BiFeO3 thus the sample is showing Debye like behaviour. Further study of BiFeO3 −
BaTiO3[23] reveals that the system undergoes structural modification as the content of 

BaTiO3 is increased in the system. At the cubic phase, no ferroelectric phase was 
observed.  

Bismuth Ferrite belongs to a displacive type of ferroelectrics, and the structure 

determines the property of grain and grain boundaries. The antiferromagnetic ordering 

of BiFeO3 is due to the interactions Fe-O-Fe chain and due to distortion of perovskite 
structure and canting of spin a weak ferromagnetic property is observed. As the content 

of the BaTiO3 increases the structure becomes simpler and the paramagnetism sets in. 

Zhu [24] studied the electrical properties of chemically modified 0.67BiFeO3 −
0.33BaTiO3ferroelectrics solid solution and concluded that chemically modified 

material has improved dielectric properties and it could have applications as magneto-

electric and piezoelectric materials. A study on solid solution (1 − 𝑥)BiFeO3 −
𝑥PbTiO3multiferroic [25] shows that the system has morphotropic phase boundary with 
three regions i.e., orthorhombic, rhombohedral, and tetragonal phase co-exist and have 

three antiferromagnetic order anomalies concerning three stated phases. Nalwa et al 

[26] doped Sm on BiFeO3 and found that the solid-state reaction of Fe2O3 and Bi2O3 
though does not eliminate the Bi-rich impurity phase; but it is possible to obtain a 

single phase of Sm doped Bismuth Ferrite having calcination temperature above 

1073K; along with an increase in magnetization in magnitude by an order of about two 

and having Neel temp ~603K. Hence Sm doped BiFeO3 enhances not only remnant 
polarization but also the conductivity. S. Chandarak et al [27] studied the dielectric 

characteristics of (1 − 𝑥)BiFeO3 − 𝑥PbTiO3 and found that the dielectric properties of 

the ceramics enhanced with an increase of BaTiO3 content; the high dielectric constant 
is due to the giant- dielectric like behaviour which is due to the Fe multivalent state 
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along with better grain packing density as the content of BaTiO3 increases in the 

system. Ceramic BiFeO3- BaTiO3 also has giant-like behaviour similar to that of 

BiFeO3. 

The family of TTB (Tetragonal Tungsten Bronze) structure has lots of advantages over 

the Perovskites structure. i.e., it has 5 cation sites whereas Perovskites have about 2 

sites, the higher number of sites could result in more magnetic interactions. Also, it has 
a more polar state [28, 29] which could result in the better coupling of ferroelectric and 

magnetization. 

In the TB structure family, Niobates are of great importance. Materials like 

Ba2NaNb5O15 or Barium Sodium Niobate (BNN) are among the best ferroelectric 

materials in the TB structure family [30-32]. Detail structural study was done by Sati et 

al [33] by doping with different rare earth elements in the BNN. Subsequently, 

Panigrahi et al developed ferroelectric material Ba5RTi3Nb7O30 (R= rare earth elements) 
[34-35] and studied structural and electrical properties. It was found that the compound 

is orthorhombic in structure and has diffuse phase transition and change of R we get 

different Curie temperatures [36]. 

There are diverse types of ferroelectrics having TB structure [37], among which 

Niobates are special because of their various utility in the fields of electro-optic, 

acoustic optic, nonlinear optic, etc. Among which lead containing Niobates such as 

(Pb-Ba)Nb2O6, PbNb2O6, etc [38, 39] even though has many applications in the field of 
piezoelectric, pyroelectric, capacitor, etc. But its by-product i.e., Lead oxides are found 

to be health hazardous. So, there was in need to make Niobates Lead free. The 

discovery of (Ba-Sr)Nb2O6 (BNN) [40, 41] became an important milestone for it’s not 
only free of any lead but also has improved electro-optic coefficient along with diffused 

phase transitions. After which lots of research are being done in particular material and 

lot many new materials are also being developed in the same line. And one such kind is 

the Rare Earth doped Niobate-Titanate (TB structure) material i.e., Ba5RTi3Nb7O30 
[34,35], having various rare earth element (R) substitutions. But it has high calcination 

and sintering temperature [42]. However, in Ba5RTi3Nb7O30, when Niobium (Nb) is 

substituted by Vanadium (V) element, then calcination temperature and sintering 
temperature were found to be reduced [43-45] along with improved thermal stability, 

low current leakage [46] with enhanced dielectric properties thus better ferroelectric 

[47,48]. 

Literature survey shows that the ferroelectric characteristics could be increased when 

the ferroelectrics are doped with multiferroics such as BiFeO3 [49]. Different materials 

are being prepared and researched by mixing BiFeO3 (having perovskite structure) with 

ferroelectrics materials having similar structural family i.e., perovskite structure [45, 

50] but in our work we are mixing BiFeO3 with Ba5TbTi3V7O30 having different 

structural (i.e. TB-structure). The reason for the choice of TB structure is that it has a 

more open structure in comparison to perovskite, which could allow extensive 

substitution of anion and cation ions ensuring better ferroelectric characteristics as a 
result, improved magnetic and electric properties thus a better multiferroic. 



 

 

7.2. MATERIALS AND METHODS 

Ferroelectric ceramics have the benefit over single crystal preparation for it is easier 

and cheaper to fabricate [51]. The composition and structure of phases are not the only 

determining factors of the ceramic product’s properties but also depend on how the 

phases are being arranged [52]. We have adopted mixed-oxides processes or high-
temperature solid-state reaction processes. It is a conventional method that includes the 

following steps of operation (1) Weighing and mixing (2) pre-firing or calcination (3) 

grinding (4) sintering. Flow charts depicting the various steps are shown in Figure 7.2. 

Polycrystalline Ba5TbTi3V7O30 were fabricated using a solid-state reaction technique 

by using raw material of high purity (> 99.9%) carbonates and oxides; BaCO3, V2O5, 

TiO2, Tb2O3 (all from Lobachemie). The required weight of the elements for the 

fabrication of essential compounds is calculated from the Stoichiometric equation as 
given: 

5BaCO3 +
1

2
Tb2O3 + 3TiO2 +

7

2
V2O5 = Ba5TbTi3V7O30 + 5CO2 

The components are weighed using electronic balance maintaining a Stoichiometric 

ratio, it is then mixed and ground by adding methyl acetate using agate mortar for about 
10 hours. The system is then dried through slow evaporation. The powder is then 

calcined in a muffle furnace using an alumina crucible boat and then using XRD, 

formation of the sample is confirmed by studying the profile of the powder. After 

several repeated processes of grinding and calcination at different temperatures and 
time duration an optimal parameter is established. It was found that for our sample the 

established parameter is 750℃ heating for about 12 hours. The calcined process powder 

has a certain degree of pebbles in it due to which it again needs to be crushed to form 
fine powder using an agate mortar and pestle for about 6 hours and mixed with PVB 

(Polyvinyl Butyral) as a binding agent. It is then die-pressed using a hydraulic press to 

apply ~ 7 tons of uniaxial pressure to form a pellet having dimensions of ~13mm 

diameter and ~2mm thickness.  Finally, the processed pellet is sintered at 800℃ for 
about 12 hours. In the high sintering temperature, all the binding solution gets burned 

out. The sample is then left cool to room temperature inside the furnace. 

Precursor compound of high purity (> 99.9%) oxides: Fe2O3 (Lobachemie) and 

Bi2O3 (Lobachemie) are mixed stoichiometrically and calcined at ~700℃ for ~5 h to 

form Bismuth Ferrite (BiFeO3). 

Using the solid-state reaction technique, a solid solution of (1 − 𝑥)Ba5TbTi3V7O30 −
(𝑥)BiFeO3 (𝑥 = 0, 0.3, 0.5, 0.7, 1) is fabricated. The precursor material is then mixed 

at the proper ratio and calcined at ~ 750 ℃ (at the rate of ~ 1°/min) for about 12 h. A 

small amount of binder (Polyvinyl Butyral) is put into the processed powder and then 

using a die, a pressure of ~ 6 tons is applied to prepare a pellet having dimensions of 

thickness of ~2 mm and diameter of ~13 mm. Pellets are then sintered at ~ 800℃   for 

about 6 h and cooled by ~ 2°/min. Crystalline phase formation is then established by X-

ray diffractogram (Rigaku, Miniflex) having CuKα radiation wavelength of 1.5405 Å 

within Bragg’s angles 2θ (10°< θ< 60°) range having scanning rate 3°/min. The 
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morphology of the surface is studied using SEM: JOEL-IT300 by polishing an 

electrode on both sides by applying the silver paste on sintered pallets. Dielectric 
properties are analyzed using HIOKI-IM3536. 

 

Figure7.2. Flow chart for fabrication of ceramics samples.  
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7.3. RESULT AND DISCUSSION 

7.3.1. Structural studies 

The atomic arrangements determine the physical characteristics of solids. Therefore, the 

crystal structure has a vital role in establishing the classification of a sample. A crystal 

comprise of small fragments regions in randomness is called poly-crystalline material. 
The X-ray diffraction technique is an effective method that is not only useful for single 

crystals but also often used to identify polycrystalline materials. Here the random 

orientation of crystalline allows a certain fraction of the sample to be suitably oriented 
along with the axis of the incident beam requisite for producing diffraction phenomena. 

X-ray diffraction technique based on monochromatic radiation is widely used for 

determining the atomic spacing from the observed diffraction angles. For the 

determination of the structure of the specimen, the powder technique in conjunction 
with a diffractometer is commonly used. 

 

Figure 7.3. XRD pattern for (1 − 𝑥)Ba5TbTi3V7O30 − (𝑥)BiFeO3. 

In our experiment, an X-ray diffractometer (Rigaku Miniflex, Japan) was employed in 
which the specimen is placed at the centre of the diffractometer and then rotated by an 

angle 𝜃 along the axis of the specimen plane. The X-ray source uses CuKα radiation (λ 

= 1.5418 Å). The counter is attached to the arm rotating along the same axis by 2θ angle 

(twice to that specimen rotation angle). The focusing circle diameter shrinks 
continuously as the diffraction angle increases. The (h k l) plane parallel to the 

specimen plane only contributes to the diffraction pattern and the corresponding d-

values (interplanar space) are calculated. The diffractogram investigation is very useful 
in determining the structure. It can also be used for some of the other problems like 

phase equilibrium study, chemical analysis, stress measurement, particle size 
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determination etc. The structural characterization is done by X-ray Diffractometer 

(XRD) on the calcined powder. From Figure 7.3 it can be seen that at the expected 
regions there is a single and sharp diffraction peak which confirms that the compound is 

in a single phase. 

7.3.2. Microstructural studies 

  

  

 



 

 

Figure7.4. Micrograph SEM image of (1 − 𝑥)Ba5TbTi3V7O30 − (𝑥)BiFeO3 (a) 𝑥 = 0.0 (b) 

𝑥 =0.3 (c) 𝑥 = 0.5 (d) 𝑥 = 0.7 (e) 𝑥 =1. 

SEM micrographs of (1 − 𝑥)Ba5TbTi3V7O30 − (𝑥)BiFeO3 can be seen in Figure7.4 (a-

e). The growth of the grain is almost completed. Using a linear intercept method, the 

grain size is measured. From the SEM micrograph for 𝑥 = 0 (i.e.,Ba5TbTi3V7O30) the 

average size of the grain is about ~0.9 μm. It can also be seen that the granule is 

elongated, angular and cuboid in shape. There is no secondary recrystallization and the 

occurrence of voids having irregular dimensions suggests the sample has some degree 

of porosity and inhomogeneity. From the SEM micrograph for 𝑥 = 0.3 

(i.e.,0.7Ba5TbTi3V7O30 − 0.3BiFeO3) the average size of the grain is about ~1.1μm. 

With an increase in 𝑥, the compactness of the grain also increases and is most compact 

for 𝑥 = 0.3 and there is an increase in grain size. The distribution of grains is almost 
homogeneous, and some are spherical in shape. No secondary recrystallization is 

observed and with the addition of BiFeO3 there is a decrease in the presence of voids. 

From the SEM micrograph for 𝑥 = 0.5 (i.e., 0.5Ba5TbTi3V7O30 − 0.5BiFeO3) the 
average size of the grain is about ~1.9μm. Few columnar and some spherical-shaped 

grains having inter-grain and intra- grain porosity are also being observed and grains 

are inhomogeneously distributed with an increase in the presence of voids. From the 

SEM micrograph for 𝑥 = 0.7 (i.e.,0.3Ba5TbTi3V7O30 − 0.7BiFeO3) the average size of 

the grain is about ~ 1.4μm having more angular and cubicle shape. As x increases, the 

size of the grain decreases along with a decrease in porosity. The distribution of 

microstructure suggests the presence of polycrystalline grain texture. From SEM 

micrograph for 𝑥 =1 (i.e., BiFeO3). It can be seen that the process is more or less 

complete in the sintering process. It has become dense, and a few amounts of scattered 

pores are also present. There’s also the presence of needle types of grains along the 

axis. 

Scanning electron microscopy (SEM) is widely used in current material research. The 

main advantages of SEM are a large depth of focus and no limitation in the size and 

shape of the bulk specimens. The introduction of SEM significantly benefits the 
sintering process. An incomplete sinter specimen has complex and irregular surfaces, 

which need visual interpretation through the deep field. SEM provides a 3-D image and 

a clear image of the specimen. 

7.3.3. Dielectric Study 

Ferroelectric materials are considered to be important because of their properties like 

electro-optic, pyroelectric, piezoelectric, elastic-optic and electro-mechanical for which 

these materials apply to various electronic, electro-optic, computer and communication 
devices like memories, light modulator and deflector, frequency changer, microphones, 

filters and detectors. All these characteristics of ferroelectric composites are related to 

their response to electrical stimuli. Electrical behaviour is important for its applications. 
Ferroelectrics has properties of (1) High dielectric constant (500-4000) in comparison 

to other ins, hence useful for making energy storage and capacitors device, (2) Low 

tangent loss, (3) High resistivity (1011-1013 Ωcm), (4) Moderate dielectric breakdown 
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strength & (5) Hysteresis (non-linear) electrical behaviour. Ferroelectric also has an 

optical and mechanical effect that interacts with electrical effects and produces 
electromechanical and electro-optical devices. Hence, electrical properties play a very 

important role in understanding and characterizing a ferroelectric material. Among 

various electrical properties, the dielectric study provides a vital role in providing 

information regarding ferroelectrics. 

Dielectric properties of ferroelectrics over a wide temperature range are one of the key 

tools for understanding ferroelectricity in ceramics. In dielectric AC charge gets stored 

in both real (in-phase) and imaginary (out-phase) components causing either dielectric 
absorption or resistive leakage. The dielectric loss i.e., the ratio of the out-phase 

components to that of in-phase components is also called dissipation factor D 

(frequently expressed as the loss tangent).  

𝑡𝑎𝑛𝛿 =
𝜀′′

𝜀′
 (7.2) 

where, 𝜀′, 𝜀′′are real (in-phase) and imaginary (out-phase) components of complex 

dielectric constant 𝜖* = 𝜖’ -i 𝜖’’ 

A dielectric constant measured in constant or zero stress is known as a free dielectric 

constant (𝜖). When it is measured at constant strain then is called clamp dielectric 

constant (𝜖s). The free and clamp dielectric constant may differ from piezoelectric 

materials and is related via electromechanical coupling factor (K) i.e. 𝜖s = K(1 - 𝜖’’), K 
could be as high as 0.7 or more for strong piezoelectric materials. For normal 

substances, the relative dielectric constant value is low, usually less than 5 for organic 

material and less than 20 for inorganic solids. Whereas ferroelectrics have high 
dielectric constant values having a range of hundreds to several thousand. 

Ferroelectric has a crystal matrix consisting of pores and grains. Division of the surface 

matrix and grains or pores requires extra energy and, they influence physical properties 
like dielectric constant, tangent loss, Curie temperature, etc. Thermo-dynamical model 

of ferroelectric ceramics suggests some features as follows: 

 Due to properties like micro-structure (density, dimension, pores, and grains), 

impurities, etc. there are changes in a phase transition. 

 In the transition region, there is no sharp change in the dielectric constant 

value,  

 Rather it is more of a round peak spread in a wide range of temperatures. 

 Curie temperature (transition) is strongly dependent on the grains and pores and 

the micro-volume inhomogeneity in the ceramics. 

 Curie-Weiss constant value of composites is higher than single crystal and it 

strongly depends on the dimension and pore density. 

 Temperature of tan 𝛿max does not coincide with that of 𝜖max temperature in 

ceramics. 



 

 

Figure 7.5 shows the frequency variation of the  𝜀𝑟  for (1-x)Ba5TbTi3V7O30-xBiFeO3 at  

room temp, as frequency increases from 4Hz to 1kHz, the 𝜀r decreases for 𝑥 =0 (i.e. 

Ba5TbTi3V7O30) from ~50 to ~17, for 𝑥 = 0.3 (i.e.,0.7Ba5TbTi3V7O30 − 0.3BiFeO3) 

from ~ 30 to ~ 20, for 𝑥 =0.5 (i.e.,0.5Ba5TbTi3V7O30 − 0.5BiFeO3) from ~35 to ~25 

and for 𝑥 =0.7(i.e.,0.3Ba5TbTi3V7O30 − 0.7BiFeO3) from ~45 to ~30, the observed 

trend (i.e., as frequency increases dielectric constant should decrease) is as observed for 

typical dielectric materials. It is being found that as BiFeO3 increases the dielectric 

constant value decreases. 

Figure 7.6 shows the variation of tanδ (loss tangent) with frequency for (1-
x)Ba5TbTi3V7O30-xBiFeO3 at room temp. It can be seen that as frequency increases 

from 4Hz to 1kHz, tanδ (tangent loss) decreases for x=0 (i.e. Ba5TbTi3V7O30) from 

~1.3 to ~0.15, for x=0.3 (i.e. 0.7Ba5TbTi3V7O30-0.3BiFeO3) from ~0.35 to ~0.08, for 

x=0.5 (i.e. 0.5Ba5TbTi3V7O30-0.5BiFeO3) from ~0.24 to ~0.03 and for x=0.7 (i.e. 

0.3Ba5TbTi3V7O30-0.7BiFeO3) from ~0.34 to ~0.05, the trend is observed for typical 

dielectric materials. As BiFeO3 increases, the tangent loss value also increases because 

of the semiconducting nature of BiFeO3. 

 

Figure 7.5. Frequency variation of 𝜀r for (1-x)Ba5TbTi3V7O30-xBiFeO3 at room temp. 
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Figure7.6. Frequency variation of tanδ of (1-x)Ba5TbTi3V7O30-xBiFeO3 at  room temp. 

Variation of 𝜀 (dielectric constant value) with temperature (room temperature to 500℃) 

for (1-x)Ba5TbTi3V7O30-xBiFeO3 is shown in Figure 7.7 for the selected static 

frequency at 1kHz. With the rise in temperature dielectric constant (𝜀𝑟) also increases 

till it attains its peak value (at transition temperature TC) after which it decreases. The 

presence of dielectric anomaly may be because of the long-range migration of dipole 
orientation and charge species. After a certain period above critical temperature TC, the 

value of the dielectric constant keeps on increasing due to the establishment of space 

charge polarization at high temperatures From Table 7.1 It could be observed that for 

x=0 (i.e. Ba5TbTi3V7O30) the dielectric constant value (𝜀𝑚𝑎𝑥) is ~1090 and with the 

addition of BiFeO3 the maximum dielectric constant reduces to 550 for x=0.3 (i.e. 

0.7Ba5TbTi3V7O30-0.3BiFeO3) and for x=0.5 (i.e. 0.5Ba5TbTi3V7O30-0.5BiFeO3) it 

reduces to ~ 630 whereas for x=0.7 (i.e. 0.3Ba5TbTi3V7O30-0.7BiFeO3) it reduces to 
470. At room temperature, the maximum values of the dielectric constant of any of the 

composites are less than the dielectric constant (𝜀𝑅𝑇 ~ 670) of the pure ferroelectric.  

Thus, it could be concluded that the dielectric characteristics of BiFeO3 are improved 

when it is mixed with ferroelectric i.e., Ba5TbTi3V7O30. 



 

 

 

Figure 7.7 Variation of 𝜀𝑟  with temperature for (1-x)Ba5TbTi3V7O30-xBiFeO3  at 1kHz. 

Variation of tan δ (loss tangent) with a temp for (1-x)Ba5TbTi3V7O30-xBiFeO3 at 

1000Hz about the temperature range (RT- 500℃) can be seen in Figure 7.8. It is being 

observed that with an increase of BiFeO3 in the solid solution tangent loss (tan δ) also 

increases which may be because of the semiconducting nature of BiFeO3 leading to 

increased tangent loss. As BiFeO3 content further increases the value of loss tangent 
(tan δ) also increases. For x = 0.3, the tangent loss is 4.35 and the tangent loss is 

maximum for x=0.5 i.e., 6.75. However, there is an anomaly i.e., for x=0.7 tangent loss 

is 3.65 i.e., moderate tangent loss in comparison to its neighbour indicating that the 
tangent loss is strongly dependent on the crystal structure. 

The value of tanδ is very large at high temperatures, which is due to conductivity 

enhancement because of the addition of BiFeO3, which might cause the decline of 

ferroelectric domain walls.  
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Figure 7.8. Variation of tanδ with temperature for (1-x)Ba5TbTi3V7O30-xBiFeO3 at 

1kHz. 

 

Table 7.1. Dielectric properties like dielectric constant and loss tangent of 

(1-x)Ba5TbTi3V7O30-xBiFeO3 at 1kHz. 

Samples 𝜀RT 𝜀max tan δRT tan δmax Transition Temp 

x= 0.7 84 470 0.796 3.65 105 

x= 0.5 157 630 1.232 6.75 88 

x=0.3 172 550 0.52 4.35 103 

x= 0.0 671 1090 0.133 0.610 83 

7.3.4 Electrical Conductivity 

Electrical conduction in the dielectric matter is due to the movement of weakly bound 

charge particles in the presence of an external electric field. It is mostly found in 

polycrystalline and amorphous materials. Conduction is measured via a parameter 
called electrical conductivity. The study of electrical conductivity plays an important 

role in the physics of ferroelectrics. Solids are categorized as primarily ionic or 

electronic conductors depending upon which of the charge carrier is predominant i.e. 



 

 

electrons/holes or cations/ions. Non-linear dielectric and ferroelectric crystals in general 

show ionic conduction. Electric polarization is pronounced in crystals that have oxygen 

octahedra like Barium Titanate (BaTiO3) ferroelectrics which may be because of 

oxygen defects/vacancy in the crystal structure. Whereas, in the case of ionic crystals 

under an electric field the phenomenon of electrical conduction is because of the 

movement of the crystal lattice’s host ions and such kind of conduction is called 
intrinsic conduction which mostly appears at high temperatures. These ions mostly 

cause electrical conduction in ionic crystals. Which also contain impurity ions and are 

located at the defect site. These ions give rise to extrinsic or impurity conduction with 
high conductivity and low activation energy. In real crystals, the electrical conductivity 

is mainly intrinsic whereas in low temperatures it is extrinsic in nature. The variation in 

conductivity (𝜎) with temperature could be described as: 

𝜎 = 𝐴1𝑒
−𝐸𝑔

𝑘𝑇 + 𝐴2𝑒
−𝐸𝑥
𝑘𝑇  (7.3) 

where 𝐸𝑔 and 𝐸𝑥 are activations energy of intrinsic band gap and extrinsic impurity 

level conduction. In some cases, electrical conductivity is also associated with 

impurities. Through a literature survey, it was found that the conduction increases 

sharply when rare earth ions are introduced into TB niobates. 

Figure 7.9 shows the Variation of AC conductivity (ln𝜎) with the inverse of 

temperature (1/T) at constant frequency 1kHz for the composite (1 −
𝑥)Ba5TbTi3V7O30 − 𝑥BiFeO3 for different x values. Due to dielectric phase transition 

characteristics, abnormality in conductivity is observed in the graph nearly at a similar 
position as their respective Curie temp.  

For Ba5TbTi3V7O30 i.e.x=0, the graph is distributed in three different regions having 

different slopes representing two paraelectric regions termed as (II, III)along with one 

ferroelectric region as I. Variation of 𝜎𝑎𝑐in various temperature range indicates the 
presence of thermally activate process which is because of the incidence of immobile 

species at lower temperature and defects at high temperature. A low activation energy 

value indicates that to activate the electrons/carriers for conduction a small energy is 
required. A similar kind of trend of ac conductivity was observed in similar materials 

[52]. For 0.7Ba5TbTi3V7O30 − 0.3BiFeO3 i.e., x= 0.3 the graph is distributed into three 

different regions with two ferroelectric regions (I, II) and one paraelectric region III 

categorised by three different slopes. Conductivity is high at a higher temperature 
which is a common characteristic for most dielectric materials The main contributor to 

conductivity in region III may be space charge. For 0.5Ba5TbTi3V7O30 − 0.5BiFeO3 

i.e., x= 0.5, the graph is distributed into four different regions with two ferroelectric 
regions (I, II) and two paraelectric regions (III, IV). Slope variation at different 

temperatures indicates different mechanisms of conduction and hence has different 

activation energies. For 0.3Ba5TbTi3V7O30 − 0.7BiFeO3 i.e., 𝑥 = 0.7, the graph is 

distributed into three different regions with two ferroelectric regions (I, II) and one 
paraelectric region III categorized by different slopes having different activation 

energies. 
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Figure 7.9. ln 𝜎𝑎𝑐v/s 103/𝑇for(1 − 𝑥)Ba5TbTi3V7O30 − 𝑥BiFeO3 at 1kHz. 

Using the Arrhenius equation values of activation energy (Ea) is measured at different 

regions and summarized in Table 7.2. Conductivity is higher at high temperatures as 
per the characteristics of most dielectric materials [52, 53]. The variation of AC 

conductivity (𝜎𝑎𝑐) in a given temperature range indicate thermally activated transport 

properties which may be because of immobile species at lower temperature and the 

existence of defects at high temperature. It can be inferred that to activate electrical 
conduction by the charge carriers only a small amount of energy is needed. Such a trend 

was also observed for materials of similar kinds [53]. 

Table 7.2 Activation energy (𝐸𝐴) of (1 − 𝑥)Ba5TbTi3V7O30 − 𝑥BiFeO3 at 1kHz. 

Compounds 
𝐸𝐴 (eV) 

I II IIII IV 

x=0.0 0.05 0.713 0.337 -- 

x=0.3 0.472 0.341 0.434 -- 

x=0.5 0.193 0.476 0.451 0.315 

x=0.7 0.629 0.308 0.421 -- 

The occurrence of different types of conduction mechanisms corresponding to different 

activation energy values is indicated by different slopes in the graph (ln𝜎 vs 103/T). 

Variation of 𝜎𝑎𝑐 over a given temperature range suggests that the transport properties 

are thermally activated which obeys Arrhenius behaviour. At the vicinity of Curie 
temperature, the conductivity is being observed which may be of order-disorder type 



 

 

resulting from the rearrangement of lattices during the Ferro-paraelectric phase 

transition. An increase in activation energy may be because of the hopping of the 
charging mechanism associated with the oxidation-reduction route.  

The graphs show that as temperature increases, AC conductivity also increases showing 

NTCR (negative temperature coefficient of resistance) which is a characteristic 

behaviour of ferroelectric materials.  

7.4.  CONCLUSION  

In Ba5TbTi3V7O30, when BiFeO3is added the value dielectric constant reduces and 
simultaneously the tangent loss increases. This may be because of mixing of different 

phases may result in the modification of the morphotropic phase boundary. As, 

BiFeO3 is further increased in solid solution the value of dielectric constant decreases 

along with more increase of tangent loss. It may be because BiFeO3 is semiconducting 
in character resulting in an electrical conduction increase. 

There is also an increase in activation energy as BiFeO3 in solid solution increases. The 

ac conductivity graph shows that as temperature increases there is also an increase in 
associated conductivity values hence showing a negative temperature coefficient of 

resistance (NTCR) identical to that of semiconductors. Thus, with the effect of 

Ba5TbTi3V7O30the ferroelectric property of BiFeO3 is improved. 
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